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ABSTRACT
SURFACE RESISTANCE MEASUREMENTS OF SUPERCONDUCTING 
NIOBIUM SAMPLES WITH A TRIAXLAL CAVITY
Paul Martin Boccard 
Old Dominion University, 1999 
Co-Directors o f Advisory Committee: Dr. James L. Cox, Jr.
Dr. Viet Nguyen-Tuong
This experimental study has revealed and investigated many o f  the physical issues 
that affect accurate measurement o f the surface resistance for small samples consisting o f 
superconducting niobium films on copper substrates. It is believed that this work 
provides the groundwork for future research directed towards solving this important 
problem. Accurate measurement o f surface resistance for such samples is needed to 
allow the rapid evaluation and optimization o f  the deposition parameters necessary for 
manufacturing low-loss superconducting niobium films.
A superconducting niobium triaxial cavity was investigated to determine its 
suitability for measuring the residual surface resistance o f copper samples that were 
sputter-coated with niobium. Apiezon and GE varnish were found to be inadequate to 
bond the sample to the endplate o f the test chamber. A new method using a screw 
bonded to the sample and a threaded hole in the endplate was designed to solve these 
problems. However, electromagnetic simulations indicated that losses from the backside 
o f such a sample might be significant for low-loss films. These effects were investigated 
using in-situ  tuning o f the cavity's frequency for samples coated alternately on one and 
two sides. The surface resistance was found to be frequency-dependent and higher than 
anticipated.
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Bulk niobium samples were tested to eliminate the possibility o f  backside losses. 
These samples also gave high surface resistances. Experiments were performed to assess 
losses in the bonding agent between the screw and sample and to assess losses in the 
screw. The thermal impedance between the sample and endplate was also investigated. 
These possibilities did not explain the observed losses.
To eliminate extraneous losses from the installation method, bulk niobium 
samples were bonded to the endplate with GE varnish. The loss was found to be 
dependent on the frequency and higher than anticipated. Localized losses at the edge
were discovered.
The endplate flange was redesigned to allow the entire endplate to be replaced to 
eliminate the possibility o f edge losses. While lower surface resistances were achieved 
with this method, they were still much higher than anticipated. These results indicate that 
some anomalous loss mechanism is present even in the absence of edge losses.
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1CHAPTER I 
INTRODUCTION
A. Overview of CEBAF
The Continuous Electron Beam Accelerator Facility (CEBAF) at Thomas 
Jefferson National Accelerator Facility (TJNAF) was constructed to allow scientists to 
probe the nuclear structure of matter down to the quark level. In order to meet this 
objective, a continuous, high current beam o f  electrons was needed. Specifically, the 
design parameters for the beam were chosen to be an energy o f 4 GeV energy at a current 
o f 200 pA.
The machine is built in the shape o f an oval track and consists o f 338 
superconducting niobium cavities operating in liquid helium (LHe) at 2K. To reach 4 
GeV, the beam must pass through the machine a total o f 5 times. On each pass through 
the straight section o f the oval the electrons are accelerated and gain 400 MeV in energy. 
Each straight section consists o f 20 cryomodules, which in turn house 4 cavity pairs.
Since each cavity pair has about lm  o f accelerating length, the required accelerating 
gradient is 5 MV/m.
The CEBAF machine runs in a continuous wave mode (CW) because o f  the 
advantages it offers for nuclear physics experiments. Operation in CW is crucial for 
high-precision coincidence experiments and contributes to high beam quality and 
The model used in this thesis is the journal Review o f Scientific Instruments.
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stability. In addition, recirculating machines can work with very short RF bunches, 
which keeps the energy dispersion due to RF phase-spread small. Another advantage is 
the very small transverse emittance that can be obtained.1 The power required to run an 
accelerator is in part determined by the surface resistance o f the cavities. At room 
temperature, the surface resistance o f copper is about lOmO at 1.5 GHz, which results in 
a power dissipation in the walls o f  a cavity on the order of 0 .1 Mwatts/m for an 
accelerating field o f 1 MV/m in continuous operation.2 Because o f this, copper cavities 
in continuous operation are limited to electric fields E below l.S MV/m due to cooling 
costs.1 Superconducting niobium cavities can offer surface resistances which are 10s to 
106 times lower than those o f copper cavities. At the design parameters o f E = 5 MV/m 
and a Q = 2.4 x 109, the power dissipation in a CEBAF cavity is 5.4 watts. (For a cavity 
the Q is the ratio of energy stored to energy losses.) Of course, one also needs to 
consider the cost of refrigerating a supply o f LHe. Even when these factors are 
considered, the power requirement for a superconducting accelerator is a factor of several 
hundred lower than for a normally conducting copper accelerator.2
B. Thin films for cavities
The electron beam at CEBAF has exceeded its design goal o f  4 GeV in energy 
and has reached currents o f 200 pA. With the superconducting technology established, 
there is now a push to increase the performance of the cavities. One promising area of 
research is the application o f thin films to superconducting cavities. There are several 
ways in which thin films may improve cavity performance.
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3One way would be to use a thin film o f  niobium on the inside o f  a cavity 
constructed from copper. Since the copper has better thermal conductivity than niobium, 
the thin film cavity would be more stable against thermal defects or quenches (areas on 
the cavity surface that may become normally conducting due to insufficient cooling).
A second way would be to use the film o f niobium to simplify the creation o f a 
clean cavity surface. The preparation o f a good surface in a pure niobium cavity requires 
extensive chemical treatment. These treatments attempt to etch away any imperfections 
on the surface and expose the "cleaner" bulk material underneath. Two potential 
problems with this method are contamination of the surface by the chemistry itself and 
the fact that the underlying material will have its own trapped impurities and defects.3 
Thin films may provide a cleaner surface.
A final possible advantage o f thin films is that they may have better 
superconducting properties such as higher critical temperatures or higher critical 
magnetic fields. For example, NbN, NbTiN and NbjSn are materials that have critical 
temperatures that are higher than that o f Nb. Thus operation at higher temperatures may 
be possible, saving refrigeration costs. It is also possible that these materials may have 
higher critical RF magnetic fields, which would allow cavity operation at higher fields. 
This could result in smaller and less expensive accelerators.
Several groups around the world have begun exploring the use o f  thin films in 
cavities. At CERN, 352 MHz Cu cavities sputter-coated with Nb have been developed, 
and the technology has been transferred to industry. One o f  the problems with such 
cavities that is not yet understood is that, while they have Qo values o f  up to 1010 at low 
field values, the Qo degrades to 4-5 x 109 at 6 MV/m.4 The granular nature o f the films is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4hypothesized to be responsible. Work is also being performed at CERN to develop 
higher frequency Nb/Cu sputtered cavities (1.3-1.5 GHz). At Saclay, films o f NbTiN 
have been prepared on planar Cu substrates and tested in a TEon cavity.3 Again, the 
main problems with these films are the increase o f the surface resistance with an increase 
in the field and the residual resistances which are not well controlled.
At CEBAF, a thin film program is also underway. Here, this program began by 
developing tools necessary to measure the surface resistance o f  niobium films. From this 
program, a triaxial cavity has been developed by Liang6 which has been successfully used 
to measure the surface resistance o f two small (1" diameter) ViBaiCujO? (YBCO) thin 
film samples which had measured resistances ofO.lS Q  and 35.2 pH . Theoretically, 
resistances less than 1 n fi should be easily measurable. However, several questions 
remain. For example, what is the lowest resistance that can actually be measured in 
practice? In addition, can a copper sample coated with niobium be installed in the cavity 
and measured?
In Chapter n, the concepts necessary to understand the surface resistance o f 
normally conducting and superconducting surfaces will be reviewed. Then in Chapter IQ, 
methods for measuring the surface resistance will be reviewed. As will be seen, the 
triaxial cavity offers a convenient and accurate way to measure the residual resistance o f 
superconducting Nb films and is the one best suited for the surface resistance 
measurements at 1.5 GHz ofN b films sputter-coated on Cu substrates. In Chapter IV the 
RF and calorimetric measurements used in this study will be explained, while in Chapter 
V the results o f the investigations with the triaxial cavity will be presented. Finally, in
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5Chapter VI the results o f this study will be summarized and some possible explanations 
for the experimental findings will be discussed.




1. Field penetration in good conductors
As has been noted, the surface resistance of the surface o f a cavity is an important 
parameter for its performance. Before beginning a discussion o f the surface impedance 
o f superconductors, a brief review will be given of the surface impedance o f  good 
conductors. Unless otherwise noted, MKS units will be used throughout this dissertation.
For a conductor that follows Ohm’s law the following relation exists between the 
current density and the electric field:
J = ctE, (2.1)
where ct is the conductivity.
If  an electromagnetic field is incident on a perfect conductor, a surface current K 
is induced which shields the interior o f the metal from the external fields. For good (but 
not perfect) conductors, the conductivity is not infinite and an ideal surface current that is 
infinitesimally thin does not exist; the current density and, hence, fields penetrate a small 
distance into the conductor.
By using Maxwell’s equations, Ohm’s Law, and the assumption that the 
displacement current is negligible in a good conductor the following differential equation 
can be found for the electric field inside a conductor:7
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V2E = jtofitrE, (2.2)
where cq is the angular frequency and p. the permeability.
The solution for (2.2) at the surface o f a semi-infinite metallic slab is
E = E0e ~ ,  (2.3)
where
,, _ I<op<x l + j




8 is the penetration depth and represents the distance at which the fields fall to 1/e o f 
their value at the surface. The solution is generally valid at most surfaces as long as their 
radii o f curvature are much larger than the wavelength.
2. Surface impedance
I f  we consider the surface o f  the semi-infinite slab as the x-y plane and z as the 
direction into the plane, we can define the surface impedance Z as the ratio




Now, the electric and magnetic fields can be related to the current density through 
Ampere’s law and Ohm’s law, and the impedance for a good conductor can be rewritten
as
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8C T  s . \  f  T C f j x
= 0 + j) J —-
J,
Z = = Rg + j©L. (2 .6)
J j .d z
0
For a good conductor, the resistance and reactance terms are equal in magnitude.
3. Anomalous skin effect
One way to reduce the surface resistance is to cool the metal. Cooling the metal 
causes an increase in the mean free path o f the electrons, which increases the 
conductivity. As can be seen from Eq. (2.6), this will cause a decrease in the surface 
resistance. However, this effect is limited.
At room temperature the mean free path o f an electron in a metal is hundreds of 
times smaller than the skin depth o f  the penetrating field. This allows a point relation 
between the field and the current (Ohm’s law). When a metal is cooled, the mean free 
path o f the electron increases and eventually has a magnitude on the order o f the field 
penetration. This means that the electron experiences an electric field that is changing 
over its path. To account for this, Ohm’s law must be replaced by an integral relation. 
This relationship was derived by Chambers8 and is given by
(2.7)
where R = r -  r ' , 1 is the mean free path, and o  is the conductivity.
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greater than the penetration depth o f the fields, the surface impedance depends only on
Since the conductivity is proportional to the mean free path, the ratio of the mean 
free path to the conductivity is independent of temperature, and there is no longer any 
decrease in the surface resistance with temperature.
Fortunately, there exists another mechanism by which the surface resistance o f a 
metal can be reduced. Below a critical temperature, certain materials become 
superconducting. In this state, there is an absence of DC electrical resistance. The 
properties o f this state and the mechanisms behind it will be discussed in the following
sections.
B. Superconductors
I. London surface resistance
a. Two fluid  model. To explain the thermodynamic properties o f the
superconducting state, Gorter and Casimir introduced the two-fluid model o f 
superconductivity in 1934. This model postulates that the electrons in a superconductor 
fall into two classes: normal electrons and superelectrons. The normal electrons behave 
in the same manner as electrons in a normal metal. The superelectrons, however, are able 
to move without scattering. Zero DC resistance is explained by the existence of these
the ratio o f the mean free path to the conductivity 9 and is given by10
2
(2.8)
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superconducting electrons. To obtain the best agreement with the thermal properties (e.g. 
the temperature variation o f  the electronic specific heat), the fraction o f  superconducting 
electrons was found to have a temperature dependence o f
where ns is the density o f superconducting electrons, n is the density o f  electrons in the 
normal state, and Tc is the temperature at which the material becomes superconducting.
b. London equations. By developing the two-fluid model, the London brothers 
were able to formulate a theory for the electrodynamics o f  superconductors in 1935.11 
The basic electromagnetic properties of superconductors are that the electric resistance 
drops to zero and that the magnetic flux is excluded from the interior o f the 
superconductor as long as the transport current and magnetic field remain below a  critical 
level.
These properties can be represented in the London equations:
where Js is the supercurrent, ns is the density of superconducting electrons, m is the mass 
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The first equation ensures that there is no electric field inside a superconductor 
under static conditions, which implies no voltage drop or resistance. If  the second 
equation is combined with Maxwell's equation V x B = p0J , one finds the magnetic field 
decays exponentially into the surface:
By(x) = By(0)e*/\  (2.11)
where the y direction is parallel to the surface and the x direction is into the surface. The 
decay constant X is known as the London penetration depth and is given by
X = (2.12)
where m is the electron mass and e is the electron charge.
The exclusion of magnetic fields from the superconductor is known as the 
Meissner effect.
c. Complex conductivity. In order to obtain an expression for the surface 
impedance o f the superconductor in the London model, the conductivity must first be 
determined. Using the Drude model for the drift velocity o f  an electron gas under the 
influence of an electric field, the equation of motion is12
dv _  mvm— = e E  , (2.13)
dt x
where t  is a relaxation time taking into account the effects o f collisions with the lattice. 
In the two fluid model, the electron gas is composed o f two parts: one normal and the 
other superconducting. For the superconducting part, x  becomes infinite, and the
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collision term in Eq. (2.13) disappears. If a  time dependence o f e j<* is assumed and we 
express the velocity in terms o f  the current density (J = nev), one can find an expression 
for the conductivity. In general, this conductivity will be complex and be of the form
J  =o E = (o, - j'ct2)E. (2.14)
By combining the normal and superconducting parts o f  the current, the real and 
imaginary components o f  the conductivity can be found:13
_ nBe-x f  I o , —
m vj + Ci) "T ■ )  
and
7 - n*e 2 , nne2(wx
2  H n r r s -  (Z 1-vmu mti)(l+o x )
Typically © 2x2 « 1 ,  so ignoring it in the denominator o f the second term of Eq. (2.15) 
yields the result that
n„e'x . n e "a = a , - j a 2 = ---------- j  . (2.16)
m mu
d. Surface resistance. The surface resistance can now be determined using the 
expression for the impedance o f a good conductor, Eq. (2.6), with the complex 
impedance from Eq. (2.16). By assuming well-developed superconductivity where 
a 2 » a  ,, one can show that14
Z, = (© V 0\ 3nBa n/2n)-Hjw(^  = R ,+ j© L „  (2.17)
where a n = ne2x /m  is the normal state conductivity.
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In contrast to a good normal conductor, the superconducting surface resistance 
increases with the square of the frequency as opposed to the square root o f the frequency. 
Also, given the temperature dependence o f the superconducting electron density in Eq.
(2.9), the surface resistance can only vanish at a temperature o f absolute zero (where the 
density o f normal electrons goes to zero) for any non-zero frequency.
2. BCS surface resistance
a. BCS theory. A microscopic theory o f superconductivity was achieved by 
Bardeen, Cooper and Schrieffer15 in 1957. The clues which led to the development o f  
this theory include the isotope effect, which is the observation that the critical 
temperature of different isotopes of the same metal are different, and the work by Cooper 
on the pairing o f electrons.
In 1956, Cooper16 showed that if two electrons are added to a completely filled 
Fermi gas and these electrons are paired so that the center o f  mass momentum is zero and 
there is an attractive interaction between these electrons, the energy o f the Fermi gas plus 
these two electrons is less than the energy of the Fermi gas alone. In this case, the model 
for a normal metal in which its energy levels are filled in accordance with the Pauli 
exclusion principle breaks down.
The attractive interaction between electrons in such a  Cooper pair results from the 
interaction between these electrons and the lattice. A change o f state by two interacting 
electrons in a solid is governed by a scattering amplitude that has two sources: (I) a 
Coulomb interaction screened by the electron sea and (2) a Coulomb interaction screened 
by the ions. If  the difference in energy between the two states is small enough, the ion
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term can become stronger than the repulsive term resulting in a net attractive
interaction.17
The BCS theory o f superconductivity develops a description o f  the ground state o f  
a superconductor. This is done by using a Hamiltonian that accounts for these 
interactions. To find an expression for the energy an assumed ground state wave function 
is used. This energy is then minimized with respect to the electron pair occupation 
probability to determine the coefficients for the assumed wave function. An important 
parameter which arises out o f the analysis is the gap parameter, A, which represents an 
energy gap in the density o f states. The distribution for the electron pair occupation 
probability resembles a Fermi distribution for T > 0, where the probability differs from 
one or zero only within a region about the Fermi level. Here, however the temperature is 
zero. The probability for pair occupancy does not vanish above the Fermi level. This 
occurs so that scattering opportunities are maximized. The potential energy decrease 
from these pairs more than offsets the increased kinetic energy, and there is a net energy 
decrease for the superconducting state.18
For temperatures above T = 0, there can be excitations above the ground state.
The occupation probability for pairs and excitations can be determined from the BCS 
theory. The excitation probability follows a Fermi distribution. The gap parameter 
mentioned above is important because it represents a minimum excitation energy. This 
has an important consequence for the density of excitation states. There are no excitation 
states available in a region lying within an energy o f  A about the Fermi energy. This has 
a direct consequence for temperature dependence o f  the BCS surface resistance, which 
will be seen in the next section.
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b. BCS surface resistance. A theory o f surface impedance based on the BCS 
theory was developed independently by Mattis and Bardeen19 and by Abrikosov,
GorTcov, and Khalatnikov20 in 1958. Here we will discuss the results mainly from the 
Mattis-Bardeen theory.
To develop their theory, Mattis and Bardeen developed a relationship between the 
current density and the applied field within the superconductor.21 The Hamiltonian for 
the electromagnetic interaction is treated in first order perturbation theory and only terms 
linear in the applied field are used. The expressions for the current density are 
complicated and require integration over four variables. In general the only practical way 
to evaluate the theory for a specific case is by computationally evaluating these integrals. 
Tumeaure22 has developed a program based on the Mattis Bardeen integrals, while 
Halbritter23,24 has developed a program based on the formalism o f Abrikosov et al.
The surface impedance depends on several material parameters. These include 
the London penetration depth k L(o), the Fermi velocity vF, the gap parameter A(0), and
the mean free path 1. The penetration depth and Fermi velocity are usually deduced from 
measurements such as the normal state surface resistance near the anomalous limit, the 
electronic specific heat, or the magnetic properties o f  the superconductor. The surface 
resistance has a strong dependence on the gap parameter, so this is generally left as a 
fitting parameter. The mean free path can be found from measurements such as the low 
temperature conductivity or the normal state surface resistance if it is not in the 
anomalous limit. Since, however, the surface resistance is a surface phenomena and the 
mean free path can be reduced due to additional scattering there, the mean free path is 
also left as parameter within the limits o f otherwise determined values.21
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A simple form o f  the BCS surface resistance, which agrees with experimental 
results for T < Tc/2and  for frequencies corresponding to energies much less than the gap
is25
R , = — e kT. (2.18)
1 T
The exponential dependence o f  the surface resistance is a direct result o f the gap 
in the density o f states referred to earlier. This formula fits the experimental results well 
except at the lowest temperatures. At low temperature, the surface resistance deviates 
from the theory and tends to become temperature independent. These losses are termed 
the residual surface resistance and will be discussed further in a following section.
It takes an energy o f 2A to break a pair. A electromagnetic wave would thus have 
to have an energy tun > 2 A to excite a pair. ForNb, with 2A = 3.05 meV, the 
corresponding frequency is greater than 100 GHz. For the present study, the frequency is 
only on the order o f 1.5 GHz. Clearly then, pair breaking will not be a significant source 
o f losses contributing to the surface resistance.
3. Residual surface resistance
a. Im purities and norm al inclusions. A possible cause o f enhanced surface 
resistance includes surface impurities. Carbon has been found at grain boundaries, and 
cavity chemical treatments can leave traces of F, S and N on the surface. In addition, 
preferential etching o f the grain boundaries can lead to surface roughness that may 
enhance losses.25
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Another source o f  residual resistance is the presence o f  normally conducting 
inclusions in the material. This will depend on the fraction F o f  the surface which is 
normally conducting and give a surface resistance o f R, = F * R„, where R„ is the normal 
state surface resistance.26 This should be distinguishable by a dependence o f  f 1/2 on 
frequency. A normally conducting metal layer could also contribute to the surface 
resistance by an amount estimated to be on the order o f SO nfl/A.26
b. Oxides. Surface oxides have also been implicated in causing residual losses.
The surface o f niobium easily forms oxides. Naturally grown oxides on the surface show 
a gradual change from Nb20s to metallic Nb with large variations in thickness and 
composition.22 Experiments on high Q cavities with a 40 nm oxide layer produced by 
electrolytic anodization have estimated the loss tangent (the ratio o f  the imaginary to real 
part of the dielectric constant) of this oxide to be tanS < 10-6. This will lead to electric 
field losses o f f[GHz]d[nm] x 10'10 f i  25 This could possibly give losses on the order o f 
nanoohms. Systematic experiments were also performed by Palmer26 to evaluate the 
lower limit o f naturally grown oxide losses. Oxide and oxide-free cavities showed 
residual resistances o f 5-10 n fi. The oxide free cavities then showed a 1-2 n l) increase 
when the oxide was regrown. The presence o f the oxide was confirmed by re-heating the 
cavities to 300° C and observing changes in the BCS 4K resistance and the critical 
temperature. These changes were not observed in the oxide free cavities upon re­
heating.2
c. Trapped flux. This cause of residual resistance has lent itself to convincing 
experimental study. Nearly all magnetic flux is trapped in thin walled cavities, in spite o f
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the Meissner effect, due to their large demagnetizing factors.27 This flux is trapped in 
current vortices which, for Type II superconductors, each contain one quantum o f flux 
(<I>0 = h/2e = 2.07 x I0“15 Webers). These vortices in turn are subject to forces from the 
RF currents, which are opposed by viscous drag and pinning forces. Since the moving 
cores produce electric fields inside the superconductor, power is absorbed, and residual 
losses27 result. As a rough guide the residual resistance due to trapped flux can be taken 
as
R „ ~ R .H w /H cJ> (2.19)
where R„ is the normal state resistance, H ^ , is the applied field, and Hc2  is the upper 
critical field. For typical values o f  the earth's magnetic field, this can result in a residual 
resistance on the order o f 0.5 p H . Clearly, this can be a significant cause o f loss. 
Fortunately, these losses can be minimized through the use o f compensation coils and p- 
metal shielding.
d. Hydrogen. The presence o f  hydrogen28 in niobium can have degrading effects 
with respect to its residual resistance. Typical values for industrial Nb are 1 part per 
million by weight (wt ppm). Values o f  2 wt ppm are dangerous, and those greater than 
10 wt ppm are severely degrading. Losses due to this type o f degradation are uniformly 
distributed over the surface o f  the cavity. This type o f loss is usually brought about by 
holding Nb at temperatures o f  about 150 K and by slow cool-down. The phenomena can 
be explained by the precipitation o f a highly resistive hydride phase on the Nb surface.
As a precaution against the development o f  this hydrogen contamination, cavities have 
their temperatures controlled during etching and are provided adequate ventilation for the
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hydrogen gas that forms. The degradation can be prevented by heat treatment at 700° C 
for several hours. It can also be avoided by fast cool-down.
e. H vsteretically trapped flux. Durand et a 129 have reviewed data on Nb sputter 
coated copper cavities in the frequency range o f350 to 1500 MHz. They have reported 
that the residual resistance o f sputter-coated cavities is relatively insensitive to external 
magnetic fields when compared to bulk Nb cavities. With respect to the RF magnetic 
field, the residual resistance has a linear dependence on the field at low fields. They have 
also found that the residual resistance has dependence on the temperature. The following 
empirical relationships were cited:
where T < T*, 4K < T* < 7K, and P * 1 nfV m T. They have also stated that R«(H) is
value. The frequency dependence of R»(H) is reported to be linear, but this in not 
conclusive since the data do not rule out the possibility o f a quadratic dependence.
Samples o f the Nb film have been examined using transmission electron 
microscopy. Their results indicated a high density of grain boundaries and "intrinsic 
defects." The boundaries and defects are believed to be responsible for the enhanced
losses.
To justify the empirical temperature dependence o f R.(H), Durand et al. postulate 
that the intrinsic defects will react sensitively to the energy fluctuations o f  the lattice and
(2.20)
sensitive to surface conditions, since high pressure rinsing has caused changes in this
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that at a temperature T*, which is lower than Tc, the thermal energy will be great enough 
to overcome the coupling energy o f the defect, and it will become normally conducting.
The RF field amplitude dependence is explained by recognizing that a differential 
increase in the RF field drives a differential increase in the fraction o f the surface that is 
in the normally conducting state:
dn = p(B)dB. (2.21)
Ifp(B) is taken as a constant and an integration is done from B = Bci to B<£, where B<£ 
» B ct, one finds that p = l/B^. The differential increase in the surface resistance will be 
proportional to the differential increase in the normal fraction so that
dRs = R,(B)dn = R s(B)dB/Bc2, (2.22)
where RS(B) is the surface resistance o f the localized defect. To determine the surface 
resistance o f the localized defect, Durand et al. model losses as due to magnetic flux 
which threads through the intrinsic defect and is hysteretically trapped. They adopt the 
hysteresis cycle shown in Fig. 2-1, which leads to a loss per surface area o f p.0H~X £ 
where X is the penetration depth and f  is the frequency. From the definition o f the surface 
resistance P = 1/2R«H2, it follows that R« = /2t  . Upon substituting this into
(2.22) the surface resistance's dependence on B is given by
dR, _  co 2\x0X ,2 23)
dB 2tc Bc2
For typical material parameters, this expression is in reasonable agreement with 
experimental values.
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FIG. 2-1. RF cycle with hysteresis o f trapped magnetic flux (Ref. 29).
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This model gives a linear dependence on the frequency, and this feature should be 
verifiable as more data are available. The model is also developed at a temperature o f  
4.2K at 1500 MHz. Given that the BCS resistance is dominant at this temperature, it is 
possible that residual resistance effects seen at this temperature are due to changes in the 
BCS resistance and not to changes in the residual resistance.
f. Josephson Junction model. High Tc superconducting films show a marked 
dependence o f  the surface resistance on the field level. Due to the highly granular nature 
o f these films, people have proposed models that depend on the nature o f the junctions 
between the grains. Hylton et al?° have proposed a model which treats the junction 
between two superconducting grains as a Josephson junction. The model for the junction 
in turn is that o f a  resistively shunted junction, as shown in Fig. 2-2. This model makes 
the assumption that the RF current density is small compared to the junction's critical 
current density Jc- The grains are modeled by a kinetic inductivity given by LG = M-o^ L > 
where Xab is the penetration depth in the grain, (ab represents the a-b plane o f the 
superconductor.) The grain boundary is represented by an inductive channel in parallel 
with a resistive one. The inductive channel is represented by a unit areal inductance 
[(junction inductance) x (junction area)] = ft/2eJc , while the resistive channel is 
represented by unit areal shunt resistance JP [(junction resistance) x (junction area)]. By 
dividing the unit areal inductance and unit areal shunt resistance by the grain dimension 
a, Hylton e t a l. are able to express the grain boundary in terms o f an effective parallel 
inductivity (<<r/a) and resistivity ( £ /a )  averaged over the grain dimension. Making the 
assumption that the impedance of the inductive channel is much less than that o f  the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
23
A








U M & J
— < Q S & S L '
Lq /2
/j/a
FIG. 2-2. (a) Two grains o f  dimension a are coupled by a weakly superconducting region 
(shaded) in this idealization o f a grain boundary junction o f  a thin film. The currents are 
confined to a penetration depth as in a typical surface impedance measurement. The 
dashed curve is a profile o f the penetration depth o f the currents into the grains and the 
grain boundaries, (b) A circuit model o f (a) consists o f purely inductive grains of 
inductivity Lg in series with the grain boundary modeled by an inductivity Jfj/a. and 
shunting resistivity, # a .  (Ref. 30)
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resistive one leads to an effective conductivity which can be used in Eq. (2.6) to 
determine30 the surface impedance:
From Eq. (2.24), it can be seen that if a, the grain dimension, or Jc becomes small, the 
surface impedance is dominated by the grains.
Bonin and Safa31 have taken the Hylton model and applied it low Tc 
superconductors in polycrystalline form. The model is developed in the limit T = 0, so
o f the junction is similar to that of the static case. For J  » J C the boundary is like a 
resistor, and for J « J C the boundary has no dissipation.
Bonin and Safa look at two regions for the behavior o f the surface resistance. 
First is the low RF field region in which the results o f Hylton et al. are reproduced. In 
the high RF field region, the grains are de-coupled, and the surface acts like an array o f 




is an effective penetration depth due to the grains and grain boundary and
X, = ^ft/a2eJcn 0 - (2.26)
there are no quasiparticles, and for small frequencies co « u  c = 2eJcRgba 2/ f i , where Rgb 
is the resistance of the normal state o f the boundary o f  area a2. In this limit, the behavior
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= R gb. (2.27)
The crossover between regions occurs at a field given by
H* = J cd = Ad/R*ade, (2.28)
where A is the superconducting gap and d is the penetration depth in the grain boundary. 
Note that in this model there is no field-dependence in either the low-field o r high-field 
cases. The change in resistance between the two states is abrupt at the critical field.
Also, the change is proportional to grain size and is non-existent for a monocrystalline 
material.
This model is applied to bulk Nb, sputtered Nb, sputtered NbN, and sputtered 
NbTiN. Using published parameters for Nb, they find Hgb = 125 T, with R “*h = 2 p f l . 
However, this crossover field is much greater than the critical field for Nb, so grain 
boundary effects are not important in this case. In the case o f sputtered Nb, Hgb = 1.9 T 
and R “8h = 20 m fi. In this case grain losses do not seem to be important, again due to 
the high crossover field. However, Bonin and Safa point out that a spread injunction 
parameters could smooth the transition. For the case o f NbN and NbTiN, they find R ^ = 
1000 n fi, in agreement with experimental results, while the crossover field is found to be 
10 mT. If this model is correct these films will perform poorly at high fields.
Bonin and Safa propose a refinement to the theory which takes into account the 
variation in the junction parameters. If  the critical current varies between junctions, 
where p(Jc) dJc is the proportion o f junctions with critical current Jc , only a certain 
fraction will be above their critical current. This will result in a surface resistance o f




R (jc)= A /eJcad. (2.29)
If a linear dependence for the distribution o f  the form p(Jc) = a Jc is assumed, the surface 
resistance will acquire a  dependence on the applied field:
A good fit to experimental data has been found using a  as a fit parameter. A lack of 
knowledge about the actual distribution in grain properties hampers the comparison 
between this model and experiment. If the model is correct, it could be used to determine 
the distribution in critical currents from the R .^  (H) curve. Although this theory is 
mostly qualitative in nature it does point to two ways for increasing the performance of 
sputtered cavities. Either the grain size can be increased or the material purity can be 
improved to obtain clean boundaries with low resistance values.
Attanasio et al?2 have also applied the model o f Hylton e t al. to low-Tc 
polycrystalline superconductors and shown that it can provide a possible explanation for 
the experimental results on Nb film cavities. In their analysis, they begin with the 
expression for the normal state surface resistance and then use a complex conductivity to 
represent the conductivity of a  BCS superconductor. Since the real part o f the 
conductivity goes to zero (~  e"a/kT) at T = 0, the BCS surface resistance vanishes. To 
explain the residual losses, they use the model o f a "network o f superconducting grains
R ih,gh(H) = ^ ^ (2.30)
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coupled via a Josephson junction." In this model, the junction is modeled in more detail 
than that o f Hylton et al. and is found in Fig. 2-3. In the limit o f small RF signals, they 
approximate the junction as an inductance:
L, = » /  2 e I„F (lJ ,
where
F ( l J  = [ ' - ( ! * /OF (231)
This inductance leads to a surface resistance that is the same as the one found by Hylton 
et al., except it is divided by a factor Fz. Thus for the case where Idc<<: Ic, the Hylton 
result is obtained. They go on to state that in the limit o f low frequencies (with respect to 
the Josephson characteristic frequencies), the effect o f removing the approximation Irf «  
Ic is only to add I* to I^ c in F. They also point out, as do Bonin and Safa, that the residual 
resistance will be large for small critical currents and small grain sizes, and they also note 
that an accurate fit to experimental data would require the inclusion o f  a distribution of 
junction parameters.
In comparing data to results on Nb cavities, they offer the caveat, that due to the 
strong coupling, the functional form o f F may not be exactly correct. Nonetheless, the 
resistance will show a dependence on the RF field due to the dependence o f the grain 
inductance on Irf. Their model shows a qualitative agreement with the experimental data 
and at least allows the conclusion that grain boundary effect can be the main source of 
residual resistance in Nb film cavities.
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FIG. 2-3. (a) Model used by Attanasio et al. to describe a polycrystalline superconducting 
film as a network of grains coupled by Josephson junctions, (b) The equivalent circuit for 
the network in (a), a , and <r2 represent the real and imaginary parts or the grain 
conductivitywnile a f represents the real part o f the junction conductivity (assumed to be 
constant). The element J is described by the Josephson current-phase relation. (Ref. 32)
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4. Electron Loading
a. F ield Emission. In addition to the losses caused by the magnetic field, 
additional losses can be present in a superconducting cavity due electron loading. One 
type o f loading is known as field emission. Fowler and NordheimiJ first explained this 
phenomena as a quantum mechanical tunneling through the work function barrier which 
has been lowered by the surface electric field. However, the required electric field for 
this to occur is greater than 1000 MV/ra. In RF cavities, field emission is found at much 
lower field levels. The emitted current28 can be expressed as a function o f the surface 
field by
I = (AE2p 2S/<|>)exp(- B<J>3/2/f3E ), (2.32)
where I is the field emitted current, E  is the electric field, S is the emitter area, 4> is the 
work function, A and B are constants, and P is a field enhancement factor. The field 
enhancement factor is added to fit the emission current for a given field. Some models 
portray emission sites as particles which can have sharp protrusions or can have 
protrusions upon protrusions. These sharp geometrical regions can enhance the local 
field to the point where emission occurs.
In a cavity, field emission can be detected from electron current near the axis in a 
beam hole, from the intensity o f bremsstrahlung x-rays, or from the increased power 
dissipation due to the bombarding electrons from an emission site.28 Field emission in 
cavities can be reduced by He processing (introducing a small amount o f  He gas into a 
cavity and initiating a RF glow discharge), heat treatment in ultra high vacuum, and by 
high power pulsed RF processing.
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b. M ultipacting. Multipacting34 is a resonant electron loading phenomenon. When 
an electron is emitted from the surface, the electric and magnetic fields in the cavity can 
accelerate it so that it strikes the cavity surface. If the striking electron ejects more than 
one secondary electron and the phase o f  the fields is such that these electrons are 
accelerated back to the original emission site, a resonant process can be initiated. 
Important in this process is the secondary electron coefficient o f the surface. If  the 
coefficient can be made less than one, the resonant process can not be supported. Often 
this is influenced by the surface condition, so that after running the cavity for a certain 
time the surface will clean up, and the multipacting will be processed away.
Modifications to the cavity geometry have also been used to reduce multipacting. 
These solutions change the field configuration so that the trajectories of emitted electrons 
do not support multipacting.
Multipacting limits the field strength that can be attained in a cavity so it is 
defined experimentally by saturation o f the field strength. In addition, characteristic 
oscilloscope traces of the reflected or transmitted power can be used to identify 
multipacting.
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CHAPTER III
REVIEW OF TECHNIQUES FOR MEASURING SURFACE
RESISTANCE
A. Introduction
The measurement of the RF surface resistance o f  a metal can be made by use o f 
many techniques. Factors that influence the choice o f technique include the frequency o f 
the measurement, the size and geometry o f the available sample, the resolution required, 
and whether the resistance needs to be measured as a function of temperature, field, or 
frequency. In the following sections several techniques will be reviewed. The focus will 
be on their advantages and disadvantages with respect to the necessary measurements for 
Nb films.
Clean, bulk Nb surfaces offer very low surface resistances at RF frequencies. At 
10 GHz, the theoretical BCS surface resistance is 25 pQ  at 4 K and 25 n fi at 1.5 K.35 In 
addition to the BCS resistance, there is also the residual resistance, which is temperature- 
independent. For cavities which have been processed with buffered chemical etching, 
residual surface resistances of 10-20 nQ are easily achieved at 1.5 GHz.36 It is hoped 
that thin film Nb can match this performance by optimization of the deposition. For this 
optimization, it will be necessary to be able to measure the surface resistance o f  samples 
with a resolution on the order of nanoohms.
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B. Cavity end plate replacement
1. TEoit cavity
An RF cavity in which one section is de-mountabie is useful in studying the 
properties o f superconducting surfaces. The mode and geometry can be chosen such that 
the fields at the surface are optimum for the study o f  a given phenomenon. For instance, 
one might choose a surface that sees high electric fields to study field emission.
The TEou pillbox cavity has found application in the measurement o f  surface 
resistance. This field configuration offers several advantages: The first advantage is that 
the magnetic field is circumferential, so that theoretically there will be no current flowing 
through the joint between the endplate and the cavity body. This will minimize losses in 
this region. The second advantage is that the E field is everywhere tangential to the 
surface. This will minimize electron-loading phenomena such as multipacting and field 
emission, which would cause losses in addition to the surface resistance.
Several groups have used this device to measure the surface resistance o f  thin 
superconducting films. Yogi and Mercereau37 have used a Pb-coated Cu cavity at 8.86 
GHz to measure the surface resistance o f Nb films as a function o f film thickness, 
preparation technique (sputtering and evaporation), and substrate material (Cu and 
sapphire). At low temperatures (~1.6 K) they found surface resistances approaching 1 
(ofl. Juillard38 et al. used a bulk niobium TEou cavity at 4 GHz to measure the surface 
resistance o f bulk Nb and NbTi alloy endplates. At low field strength and at 1.6 K they 
measured surface resistances near 100 n i l . Using basically the same cavity, Bosland et 
al?9 measured the surface resistance o f NbTiN films deposited by magnetron sputtering.
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In their calibration o f  a bulk Nb endplate, they were able to measure the surface 
resistance down to 50 n f i .
In the TEou mode there is no electric field in the axial direction. Due to the mode 
choice there are only three components o f the fields: E e , Bz, and Br. These field 
components are given by40
=  B 0 J 0 ( k O I r ) s i n ( n z / l X
B r  = Y ~ ^ - B 0 j ; ( k 0 l r ) c o s ( 7 C z / l ) >
1 *01
and
aEe = j<0 — B0 j ;  (k0, r)sin(jtz/l), (3.1)
X01
where 1 is the cavity length, a is the cavity radius, k0, = xj,, /a , J'0(xo,) = 0 , and to is the
angular frequency. The resonant frequency o f  the cavity can be determined from the 
dispersion relation and is given by41
( 3 2 )
where c is the speed o f light.
A measurement o f the surface resistance o f the cavity is done by measuring the 
cavity Q and by determining the fields in the cavity. The cavity Q is defined by
Q - 2 ? .  (33 )
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where U is the energy stored in the fields and P is the power lost in the cavity. The stored 
energy U can be calculated from the fields:
U = f f |E efdV. (3.4)
where 8 is the permittivity. The power loss in the cavity is due to the currents which flow
at the surface due to the surface magnetic field and is given by
P = ^ -  jH ?dA  + ^ -  jH ^dA , (3.5)
where Rs is the surface resistance.
To measure the resistance o f a replaceable endplate, measurements need to be 
made with two endplates so that the surface resistance can be determined by a change in 
the Q. This can be shown as follows. The power loss in the cavity can be separated as
where P is the power lost in the total cavity, Pe is the power lost in the removable 
endplate, and P, is the power lost in the side-wall and other endplate. Dividing each side 
o f Eq. (3.6) by oU  allows the expression to be written in terms o f the partial Q's which 
are defined in the same way as the cavity Q, except that only the losses due to a particular 
section are used:
P = Pe+P„ (3.6)
_L=JL _L 
Q Qe + Q , ’
(3.7)
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where Q is the total cavity Q, Qe is the partial Q due to the endplate, and Q. is the partial 
Q due to the side-walls and the opposite endplate.
If the endplate is now replaced by one with a different resistance, the total cavity 
Q and the partial Q of the endplate will change and are represented with primes in the 
following equation:
—  = (3.8)
Q ' Q'c Q,
It is useful to define a geometrical factor G for the cavity as
G can be determined through computation o f  Eqs. (3.4) and (3.5) and can be used along 
with a measurement o f the cavity Q to determine the average surface resistance R« o f  the 
cavity. G depends only on the cavity geometry and is therefore a constant. Geometrical 
factors can be defined for separate sections o f the cavity as well. For example, the 
geometry factor o f the endplate is given by
where R e is the resistance o f the endplate and Qe is the endplate’s partial Q. Note that 
the replaced endplate has the same geometry factor, even though its resistance, R ' , and 
its partial Q, Q ', differ from the original endplate.
By taking the difference between Eqs. (3.7) and (3.8) and using the definition o f 
the geometry factors, the resistance o f the endplate R ' can be determined:
G = QR,. (3.9)
(3.10)
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n : - - 2 -
Q. i I q : .
(3.11)
where r\ = G /G e is the fraction o f  the total power loss that is due to the endplate (given 
that the surface resistance throughout the cavity is everywhere equal).
The sensitivity o f  this method can be estimated through error analysis and is given
by
AR. = ^ G .
vQc, TiQcJ
4- _ L ) .
iQ'J
(3.12)
When Q' is close in value to Qc and r| is relatively small, the sensitivity is estimated by
a r : * AQC G  _ AQC R s 
Qc nQ Qc
(3.13)
Thus the sensitivity is dependent on three factors: 1) the accuracy o f  the Q measurement, 
2) the Rg of the parent cavity, and 3) the fractional loss in the endplate. If a resistance o f 
100 n& is assumed, along with an accuracy of S% in the measurement o f Q and a 
fractional loss of 20%, the sensitivity will be AR' ~ 25nf2.
The main disadvantage for this method is the large size o f  the endplate.
According to Eq. (3.2), the minimum size o f  an endplate for a TEou cavity at l.S GHz 
(assuming a long cavity length) is roughly 12 cm. An endplate this large will be difficult 
to analyze in a scanning electron microscope (SEM), and it may also be difficult to 
deposit a uniform film over such a large area when deposition parameters are first being
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mapped out. Thus for surface resistance studies at l.S GHz, the TEou cavity is 
unsuitable.
C. Parallel plate resonator
Taber42 has developed a parallel plate resonator for the measurement o f 
microwave losses in small (1 cm x I cm ) samples. A diagram can be found in Fig. 3-1. 
The plates of the resonator are separated by a  Teflon® fluorinated ethylene propylene 
(FEP) spacer and enclosed in a gold-plated brass chamber. The samples are pressed 
together using dielectric posts, and no electric contact is made to the edges o f the 
resonator, so that open circuit boundary conditions can be used for a first-order 
calculation of the resonant frequencies. Coupling is made to the cavity through the use o f 
short microstrips soldered to semi-rigid coaxial cable. By moving the semi-rigid cable, 
the coupling can be adjusted. Generally, experiments are done with weak coupling so 
that the loaded Q is equal to the unloaded Q. A disadvantage to the coupling 
configuration is that measurements o f sample resistances above 1 - 2  m O  are not 
possible. This is because the low resonator Q gives coupling which is too weak to 
provide enough signal for analysis.
The principal advantage to the method is that the samples require minimal 
preparation. Unlike other planar techniques, the resonator requires no other normal or 
superconducting metals and therefore no additional corrections for such materials. The 
method is rapid: the RF testing is done with a network analyzer, and the sample cool­
down to low temperatures can be performed in the necktube of a liquid-helium storage 
dewar. The method is sensitive for small superconducting samples. A  disadvantage is
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FIG. 3-1. Expanded view o f Tabers parallel plate resonator. The chamber is gold plated 
brass. The superconducting surfaces are held in place by spring loaded (not shown) 
dielectric posts. (Ref 42)
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that the measurement averages the surface resistances from two films. The sources o f 
loss in the resonator system are due to dielectric losses, resistive losses in the 
superconductors, and radiation losses due the fringe fields at the edge o f  the resonator. 
The Q o f the resonator is given by 42
Q = tan 5 + as  + (3.14)
where s is the spacer separation, and a  and 3 are factors which depend on the geometry 
and frequency.
With a small spacing, the resistance can be seen to be dependent mainly on the 
final term in Eq. (3.14). 3 can be determined analytically and is found to depend only on 
the frequency, making the results insensitive to the resonance mode. Also, determination 
o f 3 does not require knowledge o f the sample dimensions or the spacer's dielectric
constant.
The sensitivity o f the device was determined by using Nb films that were 
sputtered onto Si substrates. Taber defines the quantity R s as
R s = — = - s 2 + - ta n 5  + R s. (3.15)
s Q3 3 3 s
By measuring this quantity as a function o f the spacer distance and performing a 
least squares fit to the curve and extrapolating to zero separation, Taber determined that 
the method was sensitive to about 5 pH  with a Teflon spacer. He uses R s for the surface 
resistance and determines that his results would be biased by about 20% in the positive 
direction and thus would never under-estimate the surface resistance. Although tanS for
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the dielectric spacer will increase with temperature, Taber estimates that it will not make 
up more than 15% o f the loss for temperatures from 4 to 90 K.
Overall, the parallel plate method is rapid and accurate. The speed o f  evaluation 
would be an advantage for any work having the objective o f optimizing deposition 
parameters. It would be possible to use this method for the initial evaluation o f  films, for 
Nb films above 4 K, and for films with a large residual resistance. Furthermore, it may 
be possible to increase the resolution o f the test by using a sapphire spacer due to its 
lower loss tangent. Taber estimates a measurement resolution o f 0.05 pH  at 10 GHz with 
a sapphire spacer 25 pm thick.
D. Dielectric resonator
The dielectric resonator also has the advantage o f easy sample preparation. It has 
been used by several groups. J. Krupka et al.43 have used a resonator to measure the 
surface resistance o f laser-ablated YBCO films. Diete et al.44 have used one to determine 
the temperature and microwave power dependence o f YBCO films. Moffat et al.45 have 
used the method to study the surface resistance o f Nb plates with both high and low 
residual resistivity ratios as a function o f  the cooling rate, the temperature at which the 
plates were held for a given time, the surface preparation, and heat treatment.
The resonators come in three basic configurations. The first is the open 
configuration in which the dielectric is sandwiched between two superconducting 
surfaces that present an open boundary condition at the edge o f the dielectric. The fields 
decay nearly exponentially, so radiation loss is minimized. In a second configuration, the 
open boundary is replaced by a circular metallic boundary. While this eliminates the
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radiation loss, there are now ohmic losses in the metal. The final configuration is similar 
to the second, except that one o f the end surfaces is displaced from the dielectric in such a 
way that only one endplate is in contact with the resonator. The sample under test is the 
endplate that is still in contact with the resonator. The walls and other endplate are made 
o f  a second material. This method allows the measurement of a single film, while the 
others measure the average resistance o f two films.
The frequencies of these resonators cover a wide range. The size o f  the dielectric 
and the mode of the resonance determine the frequency. TEois modes are usually chosen 
since there are no currents in the joints between the endplate and the cavity wall. Since 
high Q resonators are desirable, low-loss dielectrics are chosen. The most frequent 
choice is sapphire, which has a loss tangent less than 5 x 10'8 at 9 GHz below 90 K ,43 
although LaAlC>3 has also been used in high Q resonator. Its loss tangent is only 5 x 1CT6 
at 10 GHz and 20 K. but offers the advantage o f a higher permittivity (e r = 24) than 
sapphire (e r = 9.4), which helps reduce the device size for a given frequency.46 J.
Krupka et a l43 used a sapphire with 7 mm diameter and 4.18 mm height to make a 
resonator at 18.7 GHz in order to measure 10 mm x 10 mm films. Moffat et al.45 used a 
sapphire disk that was 21 mm in diameter and 6 mm in length in the TEou mode to make 
a resonator at 9.52 GHz in order to measure Nb plates that were approximately 5 cm by 5 
cm. In the low frequency range, Shen et a l41 made a high Q resonator at 5.552 GHz 
using an open-ended configuration inside a metallic enclosure with a sapphire that was 
25.4 mm in diameter and 11.99 mm in height.
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The technique for measuring the surface resistance in all resonators depends on a 
Q measurement for the resonator. In the simplest case such as treated by Moffat et al*5 
(the open dielectric resonator), the surface resistance is determined from
where G is the geometry factor o f  the device and Qo is the value o f  Q for the unloaded 
resonator. For this resonator the geometry factor is 294 f t  for the TEou mode. In this 
resonator, the losses in the dielectric and those due to radiation are assumed to be 
negligible. The absolute error for this measurement was estimated to be ±  5 p f t  at 9.S2 
GHz. In their results, Moffat et al*5 measured resistances o f -80  p f t  at 4.2 K and 10-20 
Hft at 1.8 K.
Krupka et al*5 are able to take into account the non-film losses in a more rigorous 
way since the fields can be calculated exactly in their configuration. The unloaded Q of 
their system can be described by
Q ; '= R » / A „ + R „ / A „ + p I tan8> (3.17)
where Rss is the surface resistance o f the film under test, R«m is the surface resistance of 
the metallic enclosure, A*up is the geometry factor for the endplates, Am* is the geometry 
factor for the cavity side walls, pe is the fraction of the electric energy stored in the 
dielectric, and tanS is the dielectric loss tangent.
To measure the resistance o f a single film, two measurements must be performed. 
One is made when the endplates o f the resonator are made from the film under test, and
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the second is done with endplates made o f  the same material as the side-walls. Using Eq. 
(3.17) for each case and solving for R« leads to
R, = a„q-; - a-^V~q" ~a^  Ta - '• (3 I8)
A sup met +  A m»i
where Qui is the value of Q for the unloaded resonator with the superconducting 
endplates and QU2 is the value of Q for the unloaded resonator with normally conducting 
endplates. The error in the measurement can be estimated using Eq. (3.18). For Krupka's 
system, he estimated an accuracy o f  1% in the Q measurement. The geometry factors are 
Asup = 328.6 Q  and Amrt = 1829 f l .  Ran is 15 m fl, and tan§ = 5 x ICT*. With these 
constants, the measurement accuracy is
AR„ =dt0.0l(AsupQu;)±0.03mn. (3.19)
The second term is due to the normally conducting walls and can be reduced by moving 
them further out from the dielectric. This will cause the geometry factor to increase. 
Another method for decreasing this term is to use a lower resistance surface (e.g. a 
superconductor) for the walls. Given the size o f the second term, the dielectric losses are 
nearly negligible and do not contribute much to the error. The errors due to the second 
term dominate over those in the first, as well. Thus the method has a sensitivity o f ± 30 
t in .
The analysis of Krupka can be extended to determine the ultimate sensitivity o f 
the device. If  a superconducting cavity is used in lieu of the copper one, the losses on the 
side walls will become negligible. However, the losses in the dielectric will now become
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significant. Using the given loss tangent and letting pe -  0.983, the maximum Q o f  the 
resonator ( for zero surface resistance) will be 2.035 x 107. Using this Q in (3.19) results 
in a sensitivity o f  0.2 .
Klein et al.Ai have made a resonator o f  the third type mentioned in which the 
dielectric is in contact with only the sample under test. The shielding cavity is made 
from oxygen-free high-conductivity copper. In this method it is more difficult to model 
the resonator because it is no longer axially uniform. In order to calculate the frequency 
and geometry factor o f the resonator, they used a computer program49 based on the model 
by Itoh and Rudokas. This model employs two infinite parallel plates perpendicular to 
the axis of a dielectric disk at arbitrary distances.
For the resonant frequency, their measured results were within 3% o f  the 
calculated results, but the geometry factor showed a larger discrepancy since the model 
does not include the resonator walls. They calculate the geometry factor,G, 
experimentally using the following equation:
R,(T) = G
q (t ) q „(t )
(3.20)
Qp is the partial Q that accounts for all losses in the resonator except for the sample and Q 
is the quality factor o f the resonator including the sample. Qp is measured by using a 
niobium sample and performing the measurement at 2K. Since the losses due to Nb (R*
< 1 at 2 K) are negligible this implies that Q(2K) = QP(2K). With QP(2K) 
determined, a copper sample is then used. The resistance of the copper sample is also
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measured in a TEou cavity using an endplate made from the same rod as the sample in 
the dielectric resonator to determine its R«. With these quantities, G can be calculated.
The sensitivity o f this method is determined by the reproducibility o f the QP(2K) 
measurement which was found to be 92500 ± 500. From this, the sensitivity is estimated 
to be ±50 p f l . The sensitivity could be pushed further using a superconducting shielding 
cavity. In this case, Qp would be higher. If  we assume an ultimate Q (similar to the 
resonator o f  Krupka) o f ~107, the sensitivity could be pushed to ~± 0.4 p£2.
In review, the dielectric resonator methods are fast and relatively easy to use. At 
best these resonators have sensitivities on the order o f hundreds o f nanoohms. This may 
be good enough for preliminary work on films or for work at 4K. For good films at 2K, 
however, the technique is not sensitive enough.
E. Stripline and microstrip
The stripline and microstrip resonators are transmission line resonators that offer 
a convenient way to measure the surface resistance o f relatively small samples. The 
stripline geometry is shown in Fig. 3-2 and consists o f a thin line typically 100 -150 pm 
wide sandwiched between two ground planes. The ground planes and stripline are 
deposited on low-loss dielectrics (sapphire and LaAlCh have been used) and are 
mechanically clamped together. The microstrip consists of only one ground plane, as 
shown in Fig. 3-3. The microstrip and ground plane can be deposited on the same 
substrate or on separate ones.
The advantages o f these resonators are that the sample size is small and the 
sample's surface resistance can be measured as a function o f frequency, temperature, RF












FIG. 3-2. Schematic of the stripline resonator geometry, (a) is a cross sectional view while 
(b) shows the resonator from the topside. (RerT 50)
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FIG. 3-3. The inverted microstrip ring resonator assembly used by Andreone et al. Both 
the top and side views are shown. The resonator is formed by depositing the 
superconducting thin film under test as a ring on a suitable substrate which is then placed 
on top of a sapphire dielectric. The same or a  known superconductor is also used for the
f round plane which completes the resonator. Power is coupled to the resonator with SO 1 microstrip antennas. The resonator is enclosed in a gold-plated copper box. (Ref. 52)
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field, and applied DC magnetic field. One disadvantage is that the film needs to  be 
patterned using photolithographic techniques.
Oates et al. 50 have used the stripline resonator to measure the surface resistance 
ofYBa2 Cu3 0 7 .x and Nb films. For the stripline resonator the Q is given by
—  = (3.21)
Q, Q« Qe Qd
where Qi is the loaded Q, Qex is due to the coupling to the resonator, Qc is due to the 
conductor losses, and Qd is due to losses in the dielectric. During a measurement o f the 
resonator Q, the coupling is adjusted so that it is weak enough to ensure that the condition 
Qex>>Qc is satisfied. Next, the dielectric losses are usually assumed to be small enough 
that Qd>> Qc- This in turn implies that Q  = Qc. The Q o f a transmission line resonator is 
related to its attenuation constant through30
Q . = - T -  (3 22 )aX
where a  is the attenuation constant in nepers/m and X is the wavelength in the dielectric. 
The attenuation constant can be related to the surface resistance, current distribution, and 
impedance o f the transmission line. This requires a knowledge of the field distribution, 
which is not known in closed form.31 However, the problem can be solved numerically 
using an image method or an incremental inductance method. Simple expressions for Rs 
are found in the form30,31
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R, = c l  (3.23)
where C is a constant with units of Q/GHz.
The stripline resonator can be used to measure unpattemed films as well. I f  the 
resistance o f one ground plane is larger than that o f  the stripline and o f  the other ground 
plane, the first ground plane will dominate the losses. By calculating the appropriate 
constant, Eq. (3.23) can be used to determine the surface resistance.
Andreone et al.52 have used a microstrip ring resonator to measure the surface 
resistance o f Nb, NbTiN, YBCO and BizSrzCaCuzOr+s (BSCCO) films. Their purpose 
was to be able to measure the high frequency properties o f superconducting films o f 
small dimensions in a controlled environment. Their arrangement consists o f  a thin 
dielectric ( 130 pm thick) which is coated on one side with a superconducting film. On 
another dielectric piece, superconducting ring film is formed through a photolithographic 
process. To form the resonator, the two pieces are clamped together and placed inside a 
gold plated copper box.
The resonant frequency is determined by the ring diameter, the effective dielectric 
constant, the penetration depth in the ring and ground plane, and the mode number o f the 
resonance. For a ring diameter of 20 mm and a dielectric constant o f 10, the lowest order 
mode will be on the order o f 1 GHz.53
The surface resistance is determined through a  Q measurement which is made by 
fitting the transmitted power as a function of frequency to a Lorentzian curve o f  half­
width Au =w n /Q , , where ©n is the resonant frequency o f the nth mode and Qi is the
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loaded Q o f the resonator. The Q is related to the surface resistance through a geometry 
factor, r . If the ring and ground plane are made from the same material, then
where Qc is the partial Q due to conductor losses. If the ring and resonator are o f 
different materials, then
where a  is a factor related to the field distribution in the ground plane and R«gp is the 
surface resistance in the ground plane. For Andreone's geometry, T = 0.9 and a  = 0.11, 
which shows that most o f the losses are concentrated in the ring.
The coupling is made weak so that the intrinsic resonator Q is equal to the loaded 




where Qp is due to the parasitic dielectric and radiation losses and Qc is due to the 
conductor losses. The dielectric losses are related to the loss tangent which is I O’6 at 
room temperature and 10~7 at liquid helium temperatures. Andreone estimates the 
radiation losses using an equivalent linear microstrip to determine an upper limit. They 
found the Q due to radiation to be greater than 107. For the conductor losses to 
dominate, the surface resistance must be greater than 10'7 ohms. This is the resonator's 
measurement sensitivity.
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The transmission line resonators are useful devices for the measurement o f the 
surface resistance for small samples. The measurable frequency range contains the 
desired frequency o f 1.5 GHz. However, for the study o f the performance o f  Nb on 
copper it has some difficulties. The sensitivity is good enough for the initial development 
o f films above 4 K or for residual surface resistance above 0.1 p fl. Studies o f Nb 
deposited on Cu would require the deposition of a Nb film on top o f a Cu film that would 
need to be subsequently photolithographically patterned. While it would be possible to 
use a Nb coated copper ground plane, most of the losses are concentrated in the 
microstrip or stripline. The sensitivity for this arrangement would be worse than I O'7 
ohms.
F. Quarter-wave resonator
The quarter-wave resonator was developed by Delayen et al.5* to measure the 
surface resistance o f disk-shaped high-Tc materials at 820 MHz as a function o f RF field 
amplitude up to hundreds o f gauss. The geometry is a quarter-wave structure as shown in 
Fig. 3-4. The sample is placed in a Teflon holder in a recessed area o f the endplate near 
the center conductor. This region has the highest magnetic field in the cavity.
This design offers three advantages over a TEou cavity when measuring a similar 
sample. First, this cavity is more compact. At 820 MHz, the endplate for the TEou 
cavity would be 50 cm in diameter, whereas the quarter-wave resonator is only 10 cm. 
Second, the high magnetic field is localized near the junction o f the center conductor and 
the endplate in the quarter-wave structure. In the TEou cavity a large magnetic field 
exists over much o f the surface. Finally, the quarter-wave cavity provides a lower
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FIG. 3-4. The coaxial quarter-wave resonator used by Delayen et al.. The cavity is 
fabricated from niobium. Samples are placed in Teflon holders in counterbored holes near 
the center conductor where they can be exposed to high RF magnetic fields. (Ref. 54)
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geometry factor for the sample compared to the TEou cavity. For a TEou cavity, the 
cavity geometry factor is typically 740 Q, and the sample geometry factor is 845,000 Cl. 
The quarter-wave cavity has a geometry factor o f 93 Q and a sample geometry factor o f  
7040 Q. For a uniform surface resistance in the cavity, this means that the sample in the 
TE cavity makes up .087% o f the losses, while in the quarter-wave cavity the sample 
makes up 1.3% o f  the losses. The result is the quarter-wave cavity's measurement 
resolution is 15 times that o f the TE cavity.
The resolution o f this technique depends on the cavity's Q with a sample which is 
the same as the cavity body and the accuracy o f the Q measurement. The Q measurment 
accuracy was estimated at 5%. The base Q was given a s  8 x io 7. This results in a 
resolution of 4.5 (jX2. The authors reported that the base Q was 5 times less than 
theoretically achievable. Under the best conditions, then, the resolution should be about 
1 pH  at 4.2 K. Better resolution could be achieved at lower temperatures but will always 
be limited to about 4 times the base surface resistance o f  the cavity. Thus measurement 
on small samples o f  Nb films could be made with this cavity but will be limited to films 
with resistances above the base surface resistance o f  the cavity. However, since Nb films 
often show an increase in surface resistance with applied RF field, this cavity could be 
especially useful for studying the high field behavior o f Nb film samples. One 
disadvantage of the technique is the uncertainty in the field distribution around the 
sample. A test with a stainless steel sample showed that the measured power dissipation 
was 50% higher than expected. This indicates that field may be leaking underneath the 
sample. Another concern here is that the high fields at the sample edge could also lead to
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enhanced losses due to poorer film quality at the edge. It would not be possible to 
distinguish these losses from those due solely to the film.
G. Calorimetric methods
1. Introduction
In the preceding measurement techniques, the method o f determining the loss in 
the sample and its resistance has been through the measurement o f  a resonator's Q  and 
use of geometric factors. Another way to measure the loss in the sample is through 
calorimetry. In this method, the power loss in a sample can be determined by measuring 
the temperature distribution created in a sample by the power loss or by comparing the 
temperature increase o f  a sample with the temperature increase due to a calibrated heater. 
With the power loss in the sample determined, determination of the fields at the sample 
through calibration or computer simulation allows the surface resistance of the sample to 
be calculated. Several calorimetric methods will be discussed in the following sections.
2. Alien cavity
Allen55 has developed a calorimetric technique for measuring the surface 
resistance o f Niobium-Tin films. This technique uses a copper cavity resonating in the 
TEou mode at 8.6 GHz. The dimensions of the cavity are 4.6 cm in diameter and height. 
The cavity is operated at a temperature of 4.3 K where it has a Qo o f 1.3 x 105. The 
sample under test is a thin film deposited on a sapphire rod. The layout can be seen in 
Fig. 3-5.
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FIG. 3-5. Schematic o f the RF cavity and calorimeter used by Allen for measuring the 
surface resistance o f superconducting thin films. The cavity is 4.6 cm long and has a 
resonant frequency o f 8.6 GHz. (RerT 55)
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Sapphire was chosen for the substrate material because o f several advantageous 
properties. First, sapphire can have a loss tangent as low as 2 x 10"9. Since the cavity 
fields penetrate into the substrate, a low loss tangent is necessary to have good resistance 
sensitivity. The substrates used in this study were characterized in the absence o f sample 
depositions and found to have loss tangents ranging from 1.1 x 1CT5 to 4.4 x 10'*. The 
best value corresponds to an equivalent surface resistance o f 750 n Q . Second, the 
sapphire has good thermal conductivity at low temperatures. This allows the temperature 
to be homogeneous over the entire sample and allows the sample's temperature to be 
controlled accurately with a heater. Finally, the techniques for depositing NbsSn (the 
material under study ) on sapphire so as to obtain good superconducting properties have 
been previously studied.
The substrates were 2.75" long, 2 mm wide, and 20-30 mils thick. The deposited 
sample was 4.5 cm long, 0.75 - 2.0 mm wide, and 1 pm thick. The sample extends into 
the calorimeter region through a cutoff waveguide that isolates the calorimeter from the 
cavity fields. The power losses in the sample can be expressed as
P. = i R ,  / H J(r)da, (3.27)
surface
where H is the magnetic field component parallel to the sample surface. For the TEou 
mode, Hp = = 0 on-axis. In addition, the magnetic field component Hz parallel to the
surface has a weak dependence on the radial position close to the axis and can be treated 
as a constant, thereby simplifying the calculation o f Eq. (3.27). The magnetic field in the 
cavity can be determined by measurement of the unloaded Q and the power dissipated in
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the cavity along with the relationship between the magnetic field and the stored energy. 
Using various microwave parameter relationships, Allen found that the R*of the sample 
could be represented by
where p is the input coupling, Pu,c is the incident power, Qext is the external Q o f  the
be determined through standard microwave measurements. The power loss in the sample 
is determined through a calorimetric method.
The calorimetric method centers on the two copper blocks in Fig. 3-5. A heater 
on the lower block sets the temperature o f the sample. The thermometer on the lower 
block is part of an ac bridge that is driven by a lock-in amplifier. The output o f the lock- 
in amplifier is part o f a feedback loop that controls the temperature. The temperature can 
be set between 1.4 and 25 K within 10 mK. The stability is about 1 pX. The upper block 
in the calorimeter also has a thermometer that is part o f another ac bridge driven by a 
second lock-in amplifier. Before the application of power to the cavity, this bridge is 
balanced. With power applied to the cavity, losses are induced in the sample. The output 
o f the second lock-in amplifier is proportional to the temperature change o f the sample. 
With the RF off, a known power is then applied to a resistive heater on the upper block. 
By taking the ratio o f  the two temperature signals and multiplying it by the heater power, 
the power loss in the sample can be calculated.
(3.28)
input line and P, is the power lost in the sample. All but the power loss in the sample can
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The claimed sensitivity o f  the technique is 1 n f l . However, given that the best 
substrate losses correspond to 750 n fl, a more reasonable estimate o f the sensitivity is 1 
p H . This resolution may be enough for low quality films or film studies at higher 
temperatures. For a good niobium film at 2K, however, the sensitivity is not good 
enough. This technique is valuable because it allows the sensitivity for a small sample in 
a cavity to be high.
A disadvantage o f the technique is that the substrate must be a low-loss dielectric. 
This would not allow deposition on copper substrates to be studied. In addition, both 
sides of the sample film contribute to the sample losses. Since the quality o f the film may 
be different at its interface with the substrate than at its top surface, the technique may 
over-estimate actual losses.
3. Cornell TE cavity
A group at Cornell has also developed a calorimetric technique for measuring the 
surface resistance o f high Tc superconductors.56 The basic device is a niobium cavity that 
is operated in the TEou mode. The sample is introduced into the cavity via a sapphire rod 
through a Nb cutoff tube into a hole through the center o f  one o f the endplates, similar to 
the Allen cavity described above. As is shown in Fig. 3-6, the sapphire rod has two 
thermometers and a heater attached to it. In addition, the sapphire rod is connected to the 
bath through a thermal resistor. The cavity operates at 6 GHz and has a geometry factor 
of 757.5 Q . The sample is 1.27 cm in diameter and rests upon the 0.635 cm diameter 
sapphire rod. One disadvantage to the method is that the fields become zero at the center 
o f the cavity, and this reduces losses due to the sample. In order for the sample to have
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FIG. 3-6. The TEou cavity used by the Cornell group for measurements o f  the surface 
resistance of small (1.27 cm diameter) superconducting samples. The cavity operates at 6 
GHz. The sample is introduced into the cavity on the end o f  a  sapphire rod. The 
calorimeter is used to determine the power loss in the sample which is then used along 
with a calibrated geometry factor and Q measurement to determine the surface resistance. 
(Ref. 56)
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an effect on the cavity's Q measurement, the sample's resistance must be an order o f 
magnitude greater than that o f niobium at 4.2 K (I O'5 f l) .
The measurement technique is dependent on the partial Q's o f  the sample and o f 
the cavity minus the sample:
—  = (3.29)
Qo Q, Qc
where Qo is the unloaded Q, Qs is the partial Q o f  the sample, and Qc is the partial Q o f  
the cavity minus the sample. In the technique, Qo and the temperature rise in the sapphire 
rod due to the sample heating are measured first. Next, with no RF applied to the cavity, 
the power loss in the sample is determined by applying heater power to the sapphire ro d , 
which gives the same temperature rise as the applied fields did in the first measurement. 
This allows the power loss in the sample and Qs to be determined. With Qo and Q, 
known, Qc can be calculated. Since Qc is independent of the sample temperature, Qs at 
various sample temperatures can now be determined by measuring Qo and solving Eq.
(3.29) for Qs. The value o f the surface resistance can be found by first measuring Qs at a 
temperature at which R, is known (9.6 at 4.2 K or 0.059 f2 at room temperature) in 
order to determine the sample geometry factor,
G, = R ,Q S. (3.30)
Once Gs is calibrated, R. can be determined from an RF measurement o f Qs.
Rubin et a l.56 used a niobium sample with the above method and found the 
absolute surface resistance was measurable down to the order o f  10'5 Q . In a baseline 
measurement with no sample, they observed a Qo in good agreement with the BCS
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prediction at 4.2 K. However, they measured heating in the sapphire, indicating dielectric 
losses. Higher resolution can be achieved by using a calorimetric measurement o f Q,. 
Measurements would be limited to the temperature range o f  the bath unless a  second 
heater is installed as in the Allen cavity. Given background losses (such as due to the 
dielectric and grease), the best resolution is estimated to be about 1 p£2.
To study samples at 1.5 GHz, the device could be scaled up in size. This would 
decrease the sensitivity for the RF measurements and make determination o f  the sample 
geometry factor more difficult. Unfortunately, while a resolution o f 1 pH  is good 
enough for studies o f niobium at 6 GHz and 4.2 K, it would not be adequate for studies at 
1.5 GHz and 2K.
4. Triaxial cavity
The triaxial cavity was developed by Liang6 at TJNAF. A sectional view o f the 
cavity can be found in Fig. 3-7. The cavity was developed to study the residual surface 
resistance o f small planar samples o f superconducting materials. Samples that can be 
tested are 25.4 to 37 mm in diameter and less than 1.0 mm thick. The cavity was 
designed with three goals in mind. The first was operation at a nominal frequency o f  1.5 
GHz, the operating frequency o f the accelerator at TJNAF. Second, the effect o f the RF 
magnetic field at the edge o f the sample was to be minimized. And finally, the resolution 
o f the measurement was to be as high as possible.
To meet the first goal, a coaxial design was used to obtain a cavity which was o f 
reasonably small size at 1.5 GHz. The actual cavity uses three concentric cylinders and 
hence the name, triaxial. The diameter of the cavity is 100 mm.
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FIG. 3-7. A schematic o f  the triaxial cavity that was developed by Liang. The sample 
under test is bonded to the endplate using Apiezon grease. The cavity frequency is 1.5 
GHz. The circumferential magnetic field reverses direction and goes to zero near the 
sample's edge. The power loss in the sample is measured using the calorimeter 
thermometers on the backside o f the endplate. With the power loss and fields known, the 
surface resistance can be determined. (Ref. 6)
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The cavity was modeled using URMEL,57 an electromagnetic field solver for 
cylindrically symmetric cavities. An interesting property o f the magnetic fields is that in 
the mode at 1.5 GHz, they are circumferential and reverse direction at a radius of 
approximately 19 mm. If the sample is made with this radius, the effect o f RF losses at 
the sample edge is minimized.
For the final goal, a calorimetric method is used to determine the surface 
resistance. Power is absorbed from the RF fields in the cavity by the sample. This 
causes heating that produces a  temperature distribution on the endplate o f the cavity. By 
placing carbon resistor thermometers on the other side of the endplate, the temperature 
distribution can be measured. The resolution o f carbon resistance thermometry is 
approximately 2 |iK at 2K. With a field of 52 Oe at the cavity surface, (the estimated 
maximum for this cavity) a surface resistance o f 0.02 n il would be detectable.
A group at CERN has also made a triaxial cavity38 and reported its results during 
the development work in this dissertation. They have made several modifications to the 
cavity. These include: modifying the coupling to fixed electrical coupling, modifying the 
sample mounting so that the endplate does not need to be removed, using an endplate 
with lower thermal conductivity to enhance the measurement sensitivity, moving the 
pumping ports to a low field region o f the cavity, and using a lead-coated copper cavity.
Initial RF tests on a Nb cavity gave good results, and calculation with the 
geometry factor showed the average surface resistance to be about 200-300 nQ at 1.8 K 
and 0.86-1.16 at 4.2 K. The expected resistance at 4.2 K and 1.5 GHz is 0.74 pQ .
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To measure the power in the sample, an arrangement with 4 thermometers and a 
DC resistive heater was used. This allowed the sample temperature to remain constant 
during tests over several field levels. To test samples, they used a niobium endplate with 
a hole for the sample and an annular stainless steel ring with threaded screw holes to 
mount the sample. Thermal contact was made with either an In or Pb wire seal. By 
measuring the various thermal impedances and the ratio o f temperature signals with and 
without the RF signal, they were able to compensate for losses at the edge o f  the sample. 
In their tests, they found the power losses in the sample's edge to be 4 times those on the 
sample itself.
They found the resistance for a bulk niobium sample they tested to be 
2.56 ±.03 ± 0.26 pH at 4.35 K, where the first error is statistical and the second is due to 
the error in the compensation factor. The average resistance for the cavity as determined 
from the Q-measurement was 1.7 ± 0.3 p f i . The theoretical BCS resistance is 0.8 pT2 at 
this temperature. They noted that the discrepancy might be partly due to ambient 
magnetic field. Unfortunately, no results are reported at 2 K, where the residual 
resistance will dominate.
This method is ultimately limited by losses in the sample's edge. It is not known 
if  other sample installations will give such a large edge effect. Liang6 reported no edge 
effect in his tests o f YBCO samples.
Given the review o f the various surface resistance measurements, the strip! ine, the 
TEoi i cavity, and the triaxial cavity offer the best resolution. For measuring the 
resistance down to the nanoohm level, the triaxial cavity appears to offer the best choice.
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In this dissertation, the performance o f the triaxial cavity will be examined to determine 
if  it will be useful for the measurement o f the residual resistance o f Nb films.





In the following chapters, the experimental methods used and the results obtained 
in this dissertation are described. In the present chapter, the RF measurements on 
resonating cavities are discussed in general. The resonator Q, the power loss in the 
resonator, and coupling o f the input and output transmission lines to the cavity are 
explained. Then the calculation of the stored energy and the field level in the cavity is 
discussed. The RF control system used in this dissertation is then explained, followed by 
an explanation o f how the resonant frequency, decay constant, and coupling condition are 
measured.
The field distribution on the endplate in the triaxial cavity is then shown, and the 
resulting temperature distribution it produces is given. The calculation o f  the surface 
resistance from the temperature distribution and the field is then discussed. The 
calorimetric measurement and thermometry are explained along with a  description o f the 
computer controlled data acquisition system.
In the following chapter, the results found from experiments with the triaxial 
cavity are discussed. To begin, early results with copper samples are reported. Due to 
the problems with sample mounting and heating uniformity, the endplate and sample 
were modified. While the new method solved the mounting problems, new problems 
with losses that were much greater than expected were uncovered. These losses were
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studied using one-side coated Nb/Cu samples, both-side coated Nb/Cu samples, and 
finally bulk Nb samples. These experiments were not conclusive and lead to experiments 
with thin Nb samples and finally to a bulk replaceable endplate. The specific results from 
these experiments are given in this chapter.
In the final chapter, the results are summarized, some possible explanations for 
the enhanced losses are given, and the contribution o f this work towards the development 




An important figure o f merit for any resonating system is the quality factor, or Q. 
The Q is defined as
q  _  (a0(Stored energy) taU
average power loss P
where coo is 2n times the resonant frequency o f the cavity.
In a system with coupling to the resonator, several Q’s can be identified. The first 
is the unloaded Q, which is due to the losses in the cavity alone. Next, is the external Q 
of the input or output coupling, which takes into account power which radiates out 
thorugh the coupling ports. The Q o f the whole system takes all o f these losses into 
account and is called the loaded Q.
In terms of the power losses, we can write
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o U  oU
P«oul P u . + P o - t + P c
(4.2)
where Pin is the power which will radiate out through the input port, Pout is the power 
which will radiate out through the output port, and Pc is the power loss in the cavity
walls.
Upon taking the inverse o f Eq. (4.2), we find
Ptool _  Pin +  Pout +  Pc
a U  gjU
or (4.3)
1 1 1 1
- +  +  -
Ql Qin Qo* Q o
where Qin is the external Q o f  the input line, Qoui is the external Q o f  the output line, Qo 
is the unloaded Q of the cavity, and Qi is the loaded Q. Multiplying each side o f Eq. (4.3) 
by Qo leads to
Q0 = ( l  + P , + P 2)Q„ (4.4)
where P i  = Q o /Q in  and P 2 = Q o/Q ou t are the coupling coefficients, which will be discussed 
shortly.
At resonance, the power transmitted through the cavity is a maximum.59 The Q 
can be measured by using a network analyzer to sweep through a range o f frequencies 
which contains the resonant frequency. The resonant peak is easily observed on the 
screen. By measuring the bandwidth at the half power points o f the resonance peak, the 
Q can be determined from59
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(4.5)
where fo is the resonant frequency and Af is the half-power bandwidth. This method is 
useful for Q’s less than 106 and can be used, for example, on warm tests o f  the cavity.
For larger Q’s, which are typical o f  superconducting cavities, the decrement 
method can be used. In this method, pulsed power is sent to the cavity. During the pulse, 
fields build up in the cavity. When the pulse is turned off the stored energy decays 
exponentially in the cavity according to the relation
where Uo is the stored energy, to is the resonant frequency, and t is the decay time.
By measuring the time it takes for the stored energy to decay to a given fraction of 
its original value, Qi can be determined.
2. Power toss
The power loss in the cavity can be determined by simple accounting:
where Pi is the input power, Pr is the reflected power, and Pt is the transmitted power.
3. Coupling condition
Figure 4-1 gives a representation o f a cavity as a series RLC circuit with coupling. 
The transformers provide impedance transformations. The equivalent circuit, with the
(4.6)
(4.7)
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input and output impedances transformed to the cavity, is also given in Fig. 4-1. The 
coupling condition is defined as the ratio o f the transformed impedance to the cavity 
impedance at resonance:
The coupling to the triaxial cavity is accomplished through the use o f  probe loops. 
Changing the position of these loops modifies the coupling condition. The coupling 
coefficients can be related to the reflection coefficient and the voltage standing wave 
ratio (VSWR), which is defined below. The reflection coefficient is defined as
where Zeq is the impedance seen by the signal generator due to the cavity and the output 
load and where Zo is the impedance o f the generator.
The VSWR is the ratio of the maximum voltage amplitude to the minimum 
voltage amplitude on a transmission line. This can be defined in terms o f  the reflection 
coefficient as
and (4.8)
VSWR = 1+IH (4.10)
H p|-
For the case where p is negative,
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FIG. 4-1. (a) Equivalent circuit representation o f a cavity as a series RLC circuit with two 
port coupling. The coupling is represented by ideal transformers with turns ratio nt and n2. 
(b) Representation o f  the circuit with the generator and load circuits transformed. (Ref. 
59)
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VSWR = -^ _ . (4.11)
Zeq
For the case where p is positive,
VSWR = (4.12)
Zn
For a cavity with only input coupling and no output, there would only be one 
coupling coefficient p. The case in which p < 0 is said to be over-coupled; in this case, P 
= VSWR. The case in which p > 0 is said to be under-coupled; here, P = 1/VSWR. For 
p=0, the cavity is said to be critically coupled; for this case P = 1.
For the case in which there is both input and output coupling, Pi, P2 , and the 
VSWR are related as follows:60
VSWR = - for under -  coupling, 
and (4-13)
1 1+3. ^---------- = — — for over -  coupling.
VSWR p2
4. Calculation o f stored energy and thefield level
Through simulation o f  the cavity with URMEL57 or SUPERFISH61, it is possible 
to determine a proportionality constant, C e  or C h , between the stored energy in the cavity 
and the electric field E or the magnetic field H at some position in the cavity:
U = CeE 2 = C „ H 2. (4.14)
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In the present work it is useful to know both the maximum E field at the end o f  
the center conductor and the magnitude of the H field on the sample inside the cavity.
The stored energy is found by first measuring the loaded Q and coupling coefficients to 
determine the unloaded cavity Q. The power loss is then measured and used with the 
unloaded Q in Eq. (4.1) to calculate the stored energy. Once the stored energy is known, 
the magnitudes o f  the fields in the cavity are determined from Eq. (4.14).
S. RF system62
A block diagram o f the system used to supply RF power to the cavity is shown in 
Fig. 4-2. The system begins with a voltage controlled oscillator (VCO) which operates in 
the range 1.27 - 1.57 GHz. A portion of the VCO output is fed through a manual phase 
adjuster and then into a mixer, along with the transmitted signal through the cavity. The 
output o f the mixer is a phase error signal which is low-pass filtered and applied to the 
input o f a phase locked loop (PLL) amplifier with a variable gain o f 1, 2, 5, and 10. The 
amplified phase error signal is then summed with a manual tuning signal from two 
potentiometers on the front panel, which allows the VCO frequency to be tuned.
The signal from the VCO to the cavity is controlled through a PIN switch, which 
is controlled by a TTL signal from an external function generator. This allows the power 
to the cavity to be applied in a pulsed mode. Part of the signal is also sampled and used 
to measure the frequency o f  the oscillation. Following a safety interlock, the signal is 
passed through a I Watt, 30 dB amplifier. This signal is sent out from the control room 
to the cavity in the dewar. A portion of this incident signal to the cavity is sampled with 
a directional coupler and measured with a power meter. In addition, the reflected signal
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FIG. 4-2. Block diagram o f RF control system used to supply power to the cavity. The 
transmitted, reflected, and incident powers are measured with crystal detectors which can 
be sampled with front panel connectors. These powers can also be read directly through a 
switch and power meter. The frequency is maintained with a phase locked loop. The 
frequency and phase can be adjusted through manual controls on the front panel.
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from the cavity can also be sampled with this directional coupler. In tests with a direct 
line to the cavity, it was found that the reflected signal was difficult to measure, so a 
second directional coupler with circulators was installed at the top o f  the dewar. From 
this directional coupler, the reflected signal from the cavity was measured with a separate 
crystal detector, and the signal was observed on an oscilloscope. This method proved 
satisfactory. The signal transmitted through the cavity passes through a directional 
coupler so that a sample o f  the transmitted signal power can be measured with a power 
meter. Note that this power meter can be switched to measure P i,  P r, or P t . The 
transmitted signal is conditioned through a 0 -11 dB step attenuator and can then be either 
sent through a 10 dB attenuator or a +27 dB low-noise amplifier, depending on the level 
o f the transmitted signal.
The incident, reflected, and transmitted powers are also each measured with 
separate crystal detectors (Pi-X, Pr-X, and Pt-X in the figure). These signals, along with 
the phase error signal, are brought out on a front panel to BNC connections that allow 
them to be measured with an oscilloscope.
6. Measurement o f resonantfrequency, decay constant, and coupling condition
The resonant frequency of the cavity can be determined by observing either the 
reflected or transmitted power. As stated earlier, the transmitted power is a maximum at 
resonance. In addition, the reflected power is a minimum at resonance. The resonance is 
found by manually tuning the frequency o f the VCO and observing either a power meter 
reading or a scope trace. With the resonance found, the RF system is switched to pulse­
mode and the reflected signal is observed so that the current coupling condition can be 
determined. At this point, the phase is also adjusted until a minimum in the reflected
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signal is obtained. Examples o f  representative traces o f  the reflected signal for over, 
under, and critical coupling can be found in Fig. 4-3.
The loaded Q o f the cavity can be determined by measuring the time it takes for 
the transmitted or reflected signal to decay by a  certain fraction (typically by 1/3) and 
using Eq. (4.6). Once the loaded Q is measured, the unloaded Q is determined by Eq.
The incident, reflected, and transmitted powers can be used to determine the input 
and output coupling coefficients. From Eq. (4.3) and Eq. (4.4) one can see that the 
coupling coefficients are the ratios o f power dissipated in the cavity to the power radiated 
out along the external lines. Thus 02 is determined by
where Pt is the transmitted power and Pc is the power loss in the cavity. The input 
coefficient 0i is given by
(4.4).
(4.15)





where Pi is the incident power andPr is the reflected power.
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FIG. 4-3. Reflected RF power signal from cavity with different coupling conditions, (a) 
over coupled (b) critically coupled (c) under coupled
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C. RF loss model
1. Field distribution on endplate
A plot o f the H field magnitude is given in Fig. 4-4. This is the field distribution 
for a 1.2 mm gap in the cavity with no sample installed. The calculated frequency is
1503.5 MHz. As can be seen, the magnetic field changes direction and becomes zero 
between 19.25 and 19.5 mm. The zero crossing point is dependent on the gap or the 
frequency o f the cavity. For a gap o f 0.8 mm the zero is at 17.5 mm, while for a gap o f
1.5 mm the zero is between 20.25 and 20.5 mm. The field is also significantly smaller 
for radii outside the zero-crossing. The ratio o f the maximum field to the outer field is 
about 15. This minimizes losses in this region o f the endplate and in the indium joint.
2. Theoretical temperature distribution
The temperature distribution is determined by solving the heat flow equation for a 
cylindrically symmetric disk. Since the thickness o f the endplate is much smaller than 
the radius, the problem can be treated in a two dimensional approximation. The heat 
flow equation for this geometry is
Q(r) = - .c ( 2 * r h ) ^ ,  (4.17)
dr
where r is the radius, h is the thickness of the end plate, k is the thermal conductivity, and 
Q(r) is the heat flow perpendicular to the cylindrical area 2?crh.
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FIG. 4-4. Plot of magnetic field on the endplate o f the triaxial cavity for a 1.2 mm gap 
(frequency o f 1503.S MHz). The field magnitude goes to zero at approximately 19.S mm 
which if near the sample's edge should minimize edge losses. By changing the gap, the 
position o f this zero can be moved.
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The boundary o f the disk is held at a constant temperature To by the liquid helium 
bath. The solution to Eq. (4.17) with this boundary condition is
T(r) = T0 + fr# (4.18)
Jr ic
Heat flows into the plate because the surface is heated by the RF field. The heat flows in 
through the surface and then moves radially since the opposite surface is adiabatic. At a 
radius r the heat flowing outward is given by
Q(r) = Jor2*r'p(r')clr', (4.19)
where p(r) is the power per unit area flowing into the plate from the RF field. Thus, the 
temperature distribution is determined by the evaluation o f two integrals. This can easily 
be done numerically, given the output for the H fields from the simulation in either 
SUPERFISH or URMEL.
With the introduction of a sample, the temperature distribution will change if the 
surface resistance o f  the sample and endplate are not the same. Fig. 4-5 shows plots o f 
the temperature distribution for samples with different relative values o f  R* (sample 
resistance) and Rp (plate resistance). For values o f  R. down to 0.1 Rp, the difference in 
the distribution remains within 10%. For higher relative values of Rp, the losses from the 
endplate will be significant. To model this correctly, the surface resistance o f the 
endplate needs to be known, thus requiring two measurements: one with the sample and 
one without. Changing the position o f To in Eq. (4.18) to correspond to the edge o f  the 
sample can also solve this problem. In this way, only the contribution due to the sample 
heating is measured.




FIG. 4-5. Temperature distributions on the endplate o f triaxial cavity for different ratios o f 
sample resistance to endplate resistance. Sample resistance and field level are held 
constant while the endplate resistance is varied. For high relative values of the endplate 
resistance, the endplate's resistance must be known to determine the sample's resistance 
from the temperature distribution unless the distribution is measured only underneath the 
sample (radius < 19.5 mm).
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3. Calculation o f  surface resistance
To determine the surface resistance o f a sample, the temperature distribution due 
to RF heating at a  given field level is first measured. Then, a theoretical temperature 
distribution is calculated for the same field level at an arbitrary surface resistance using 
the model in the previous section. Since the temperature at a given radius is directly 
proportional to the surface resistance, these two distributions can now be compared. The 
ratio o f the temperatures from the two distributions at given radii gives a scale factor 
(ideally identical for all radii) which, when multiplied by the arbitrary surface resistance 
of the theoretical distribution, gives the surface resistance o f the measured sample.
D. Calorimetric measurements
1. Description o f thermometry
a. Construction. The thermometers used in the triaxial cavity are constructed from 
Allen Bradley lOOfi, 1/8 watt, 5% carbon resistors. In the vicinity of 2K, these 
thermometers have a very high sensitivity. Each resistor has its outer insulation ground- 
off to decrease its thermal capacity, and each is put inside a copper sleeve to ensure 
uniform heating. The sleeve is 0.125" wide, 0.185" long, and 0.080" high. The resistor is 
bonded to the sleeve with Delta bond epoxy, which is electrically insulating and 
thermally conducting. Electrical connections to the resistor are made with 50-gauge 
phosphor bronze wire leads, which are approximately 30 cm in length to minimize heat 
leaks to the thermometers.
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b. Resistor network. The measuring system consists o f  20 thermometers. Sixteen 
of the thermometers (herein referred to as sensor resistors) are arranged on the endplate 
along circles o f4 different radii and are labeled SI, S2, S16, as shown in Fig. 4-6.
The remaining 4 resistors (reference resistors) are positioned on the wall o f the sensor 
chamber and monitor the bath temperature.
c. Measurement principle. Each o f the reference resistors in the network acts as 
the input resistor o f  an inverting operational amplifier (op-amp), as shown in Fig. 4-7. As 
the resistance o f the resistor changes with temperature, the gain o f the op-amp changes.
By measuring the input voltage and the output voltage, the resistance can be determined 
from the relation
R ,= - R r ^ - ,  (4.20)
OlH
where Rf is the feedback resistance, Rr is the reference resistance, Vj„ is the input 
voltage, and Vout is the output voltage. The sensor resistors are measured by forming a 
summing amplifier with a reference resistor, as is also shown in Fig. 4-7. Once the 
reference resistor has been measured, the sensor resistance can be determined from the 
relation
V  = -out
^ p R ^
V, — + V7 —
Rr mK j
(4.21)
where Rr is the reference resistor, R* is the sensor resistor, Rf is the feedback resistor, Vi 
and V2  are the input voltages, and Vout is the output voltage. The input voltages to the 
reference and sensor are o f equal magnitude but are opposite in sign. For Vi= -V2 , Eq.
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FIG. 4-6. Layout of thermometers on triaxial cavity endplate. Dimensions are in inches.
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R f
Rr
Vin V o u t







V o u t
FIG. 4-7. Configuration for measuring the resistance o f thermometers, a) Vm* is measured, 
Rr and V;„ are known, and R* is calculated with Eq. (4.20). b) Vi and V2  are equal but 
opposite in magnitude. With R, known, R, is calculated with Eq. (4.22).
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(4.21) reduces to
Vo* = -V ,R f
r _Y____ 1_ ^
vR r R ,y
(4.22)
To minimize the self-heating effect in the resistors, a nominal power load due to 
the measuring voltage is set at 1 nW. Since the nominal resistance o f the thermometers is 
7 kf2 at 2K, a measuring voltage o f 7 mV is required. The output range of the card 
supplying the voltage is -10 to +10 volts, with 12-bit resolution, which gives 4.88 mV per 
step. The signal-to-noise ratio is enhanced in the system by having a large driving 
voltage on the card. However, this conflicts with the need for a low driving voltage. To 
overcome this problem, a 1:100 voltage divider is used between the card's output and the 
resistors. The output o f  the card can then be 0.732 V.
d. Sensitivity o f  method. The sensitivity o f the measurement method is dependent 
on several factors. One factor is the step size of the analog-to-digital converter (ADC). 
The input voltage to the data acquisition card is read with a 12 bit ADC, and the input is 
limited to the range from -10 V to +10V. In addition, this signal may be amplified with 
an onboard programmable gain amplifier that can have a gain o f  I, 10, 100, or 500. Thus 
the minimum measurable step size can range from 4.88 mV to 9.77 pV, depending on the 
chosen gain.
According to (4.20), the resolution o f the resistance measurement in terms o f  the 
resolution of the voltage measurement is
R 2 AV= — - r _ ssf . (4.23)
Rf v B
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The value o f  Rf is 100 kfl, and the value o f  Rr is typically 7 kQ at 2K. As 
described earlier, the input voltage is 7 mV. For these parameters, Vout will be -0.1 V. 
For the best resolution, the highest gain possible should be used. However, the limited 
input range from -10V to +10V determines the maximum useable gain. Thus, for the 
reference resistor, a maximum gain o f 10 is allowed, which gives A Vout = 48.8 pV.
Using Eq. (4.23), ARr = 3.4 Q. This gives a relative resolution o f 5 x 1 0 4 for the Rr 
measurement.
For the measurement o f R«, the summing circuit o f  Fig. 4-7 is used. Rr and R« 
will nominally be the same or will differ by a small amount due to the heating o f R«. This 
will give a smaller output voltage than will the circuit for Rr. This smaller signal allows a 
higher gain to be used for the amplifier before the ADC, while still remaining in the input 
range from -10V to +10V. Consequently, higher resolution is achievable. A gain o f 100 
will increase the resolution by a factor of 10 (and a gain o f  500 by a factor of 50). In 
typical operation, a gain o f 100 is the useable maximum, so the relative resistance 
resolution for a sensor resistor is 5 x 10“5.
The relative temperature resolution for this measurement can be determined once 
the sensitivity o f the resistor to temperature changes is determined. By calibrating the 
resistors with respect to a germanium reference, this sensitivity was determined to be
(4.24)
T 3 R
The resolution o f  the temperature measurement when the sensor resistors are at 2 K and 
when the gain is 100 is, therefore, AT = 30 pK.
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2. Computer controlled data acquisition
Data acquisition is performed with a Macintosh IIx personal computer, a National 
Instruments NB-MIO-16 board (digital, analog, and timing I/O), a National Instruments 
NB-GPIB board, a Keithley 224 Programmable Current Source, a Keithley 196 System 
digital multi-meter (DMM), and custom-designed electronics for scanning the 
thermometers. The system functions will be reviewed briefly here. Details of this system 
can be found in Liang's thesis.6
The layout o f the instrumentation can be found in Fig. 4-8. A Lakeshore 
Germanium resistor serves as the working temperature standard. The resistance 
measurement is performed using a four-point method. The current source and DMM are 
controlled, and data is acquired via a GPIB interface.
A customized scanning board is interfaced to the Macintosh IIx through the 
multipurpose MIO-16 card. The purpose of the scanning board is to select a particular 
resistor for measurement. To measure the reference resistors, every row except the 
reference row is grounded. A voltage is then applied to each o f the reference resistors in 
parallel. Each column is connected to a preamp in the scanning box, which has its value 
read by the MIO-16 card. Data are collected when both +V and -V are applied to the 
resistors. The average o f  the difference between these two signals removes any offsets 
that might be present due to thermoelectric effects. The measurement of the sensor 
resistors is made in a similar manner. However, in this case voltage V is applied to the 
reference row, and -V is applied to the appropriate sensor row. This forms the summing 
amplifier mentioned earlier. After the row voltages have been read, the polarity is 
reversed, and the average o f the difference is used to remove any offsets.
















Cunomtaad Sum m q  (end
Kattttty 224 KaMiMy 196
Cumnc Source OMM
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FIG. 4-8. Instrumentation layout for data acquisition of temperature maps. A Macintosh 
Hx controls the data acquisition along with a special purpose scanning board that selects 
which resistor rows voltage is appliea to. A Germanium resistance sensor serves as the 
working temperature standard. (Ref. 6)
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E. Cryogenic test stand
The cavity was tested using two vertical dewars at the Jefferson Lab vertical test 
area (VTA). One o f these is magnetically shielded to minimize the effects o f trapped flux 
due to the earth's magnetic field. These dewars are 72" deep and 16" in diameter. The 
maximum fill-volume is typically 136 liters (100 cm in height) and is limited by the heat 
shield baffles at the top o f  the insert. Once filled, the dewar is pumped down to an 
operating pressure between 20 and 30 torr (at a corresponding temperature o f 2.0 - 2.1 
K). This typically causes a loss o f between 20 to 40 cm o f  liquid. After the pump-down, 
the dewar can be filled while maintaining a vacuum (although the pressure may rise to 
200-300 torr). A typical top-off will leave the dewar with 80-85 cm o f liquid. Under 
normal operating conditions, the liquid boils off at a rate o f  < 1 cm / hr. (1.3 liters/cm). 
The experimental apparatus sits at about 50 cm above the dewar bottom. This allows 
experiments to be run for approximately 30 hours before a  refill is necessary.
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CHAPTER V 
EXPERIMENTAL RESULTS AND ANALYSIS
A. Early results
1. Cu samples with Apiezon grease contact
In Liang’s tests o f the triaxial cavity, the samples tested were I" diameter YBCO 
samples that were approximately 0.5 mm thick. Apiezon grease was used to bond the 
sample to the endplate. The bond was strong enough to support the sample and gave 
good thermal contact. This method was also tried for 1.5" diameter, 0.040" thick copper 
samples. Unfortunately, the bond was not strong enough to support the sample. On two 
successive tests, the copper sample fell off the Nb endplate during the cavity cool-down. 
In addition, particles o f grease were found distributed throughout the inside of the cavity. 
It appeared that the grease had solidified and had broken broke apart upon cooling. This 
could have been due to the differential contraction between the copper and niobium.
As is shown in Fig. 3-7, the geometry is such that the sample is suspended from 
the endplate, which requires the grease bond to hold the weight o f  the sample. In another 
test, we inverted the cavity to remove this requirement. The test also made use o f a 
heater that was bonded to the sample with GE varnish. The heater was installed so that 
the sample could be heated and the response o f the thermometers could be measured to 
determine the uniformity o f the thermal bond. In this test, the heater-to-sample bond 
failed, so the heating test was not performed. Upon disassembly o f the cavity, grease
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particles were again found along the endplate. It appeared that the grease "shattered". At 
this point, ideas for an alternative installation were explored.
2. Cu samples with GE varnish contact
One alternative considered was to use GE varnish as the bonding agent. This 
bond turned out to provide adequate mechanical strength, but the thermal contact was not 
as good. This can be seen in Fig. 5-1, which is a  chart o f the thermometer responses. The 
layout of the thermometers on the endplate is shown in Fig. 4-6. From symmetry, SI, SS, 
S9, and S13 should all give the same reading, as should rings 2, 3, and 4. The non- 
uniform heating response indicated either non-uniform RF heating losses or a non- 
uniform thermal contact. To test the thermal contact, a resistive heater was glued to the 
center o f the sample, and the temperature distribution was recorded. The results, shown 
in Fig. 5-2, demonstrate that the thermal contact was not uniform. This was further 
substantiated after the sample was removed and inspected; it was observed that the 
varnish contact was not uniform.
B. Design modification of endplate
1. Requirements
Since direct bonding o f the sample to the endplate presented several problems, an 
alternative method was devised. The basic requirements were: 1) enough mechanical 
strength to hold the sample in an inverted position and 2) an azimuthally uniform thermal 
contact. (The second condition enables one to determine the power loss in the sample 
accurately by use o f the temperature distribution.)












S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16
Sensor Number
FIG. 5-1. Measurement of the RF heating (E = 1.05 MV/m) profile for a Cu sample. The 
distribution was not azimuthally uniform ( S I ,  S5, S9 & S16 lie on the same radius) 
indicating that the RF losses or the thermal contact was not uniform.













S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 
Sensor Number
FIG. 5-2. Measurement o f the heating profile for the sample in Figure 5-1 with a resistive 
heater installed on the sample (400 pW power). The profile was still not azimuthally 
uniform indicating that the thermal contact between the sample and endplate was not
uniform.
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To meet these objectives, a small piece o f  threaded rod (1/4" diameter, 20 
threads/inch) was fastened to the back o f  the sample, and the endplate o f the cavity was 
redesigned (see Fig. 5-3) with a threaded hole and a small raised annular section. The 
purpose o f this raised section was to give a relatively small region over which the thermal 
contact needed to be uniform. The inner diameter o f the annular region was 0.313", and 
the outer diameter was 0.500". The step height was 0.010". For a radius larger than the 
annular section, there was no thermal contact between the sample and the endplate, due to 
the 0.010" gap. To provide thermal contact at the annular region, Apiezon grease was 
used. A disadvantage of this method was that the temperature distribution underneath the 
sample could no longer be measured. On the other hand, this method offered an increase 
in the sensitivity, due to the longer path the heat had to flow along the endplate.
2. SUPERFISH simulations
The new sample installation was modeled with SUPERFISH to determine the 
position o f the H field minimum and to evaluate the field leakage underneath the sample. 
The position o f  the field minimum and the frequency o f the cavity are dependent on the 
gap between the sample and the inner conductor of the triaxial cavity. The cavity was 
modeled for gaps o f  1.0 mm to 2.0 mm. Figure 5-4 shows the dependence o f the cavity 
resonant frequency on the gap.
Of particular interest is the field distribution underneath the sample and at the 
edge. In order that the measurement for the film under test (the topside o f the sample) be 
as accurate as possible, the additional combined RF losses due to the edge and the 
underside must be kept to a minimum. Figure 5-5 shows the ratio o f  the combined
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FIG. 5-3. Redesigned endplate and sample installation method. Sample has threaded rod 
bonded to its backside (either solder or epoxy) and is screwed into a threaded hole in the 
endplate. Thermal contact is made on raised annular section with Apiezon grease. 
Dimensions are in inches.

















1.8 21.2 1.61 1.4
Center gap (mm)
FIG. 5-4. Resonant frequency o f the triaxial cavity with an installed sample as a function 
o f the gap from 1.0 to 2.0 mm. The cavity was simulated using SUPERFISH.
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FIG. 5-S. Ratio of total o f backside and edge losses to those on the topside. For a gap 
near 1.6 mm, the losses which are not due to the film under test (the topside) will be 
minimized. Results are from a SUPERFISH simulation.
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underside and edge loss to the loss on the top o f the sample. This ratio has a minimum 
for a gap between 1.5 and 1.6 mm. At that point, the ratio of the losses is less than 
5 x 10 s . This analysis, however, is valid only if  the surface resistance is constant over 
the whole sample. For the case o f a copper sample coated only on one side with niobium, 
the ratio o f combined backside and edge loss to the topside loss would be increased. If  a 
nominal resistance for the niobium film is taken as 100 nfi and that o f the copper as I 
m fl, the increase would be roughly a factor o f  10,000. Forthese conditions, the 
combined backside and edge loss will be greater than the loss o f the film (topside). To 
keep these losses to less than 1%, the difference between the resistance o f the film and 
that o f the rest o f the sample has to be within a factor o f 1000. To accomplish this for 
high quality samples with very low resistance, the backside would need to be coated with 
niobium. In addition to coating both sides o f the sample, the cavity will need to be tuned 
to a frequency that minimizes the losses.
In Fig. 5-6, the total measured RF loss for a sample that has different surface 
resistances for the topside and backside is plotted. For a sample with uniform resistance, 
there would not be a strong dependence o f the total measured loss on the gap distance.
The small change in the total loss seen for a sample with uniform resistance is due to the 
variation of the field distribution on the sample, and that variation is dependent on the 
gap distance. At a gap of 2 mm, the loss in the sample is about 35% greater than the loss 
at a gap o f 1.0 mm for the same peak field on the sample. For samples with significant 
losses on the backside and edge, the measured RF loss should have a strong frequency 
dependence, which can be seen in Fig. 5-6 for Rbe > 100 RioP. In fact, this provides a way 
to check for significant backside and edge losses.
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FIG. 5-6. Total losses due to a sample for which the resistance o f  the edge and backside is 
various multiples o f the topside's resistance. For resistances greater than 100 times the 
topside resistance, there is a large dependence o f the total losses on the gap. Results are 
from a SUPERFISH simulation.
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C. Results with modified endplate
/ . Sample contact and endplate thermal conductivity
The first tests with the modified endplate were used to determine the uniformity 
o f the thermal contact between the sample and the endplate and to determine the thermal 
conductivity o f the new endplate.
Heat was applied to the sample using a resistive heater that was fabricated from a 
niobium tube with a 0.57" outer diameter that was wound with 42 gauge constantan wire. 
The nominal resistance was 50 Q . The measurement o f the heater power was done with 
a 4-point method. A Keithley current source supplied the current and a DMM was used 
to measure the voltage drop. For this test, a heating power o f400 pW was used. In Fig. 
5-7, the heating distribution is given. Compared to the distribution in Fig. 5-2, there is an 
improvement in the uniformity o f  the thermal contact. The thermometers for a given ring 
now agree within 10%.
The thermal conductivity o f the endplate was determined at 2.002 K at a heating 
power o f 400 pW. The thermal conductivity was k = 5.3 ± 0.3 W/ m K . This thermal 
conductivity is higher than that found by Liang (3.12 W/mK at 2 K) and will result in the 
loss o f some measurement sensitivity.
2. One-side coated TJNAF sample
A Cu sample was sputter-coated in the deposition lab at TJNAF. The thickness 
was -5000 angstroms. The surface was generally shiny, indicating a dense film, but 
there were some areas where one could tell that the adhesion was not good because small











S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16
Sensor Number
FIG 5-7. Heating distribution using the screw method o f mounting the sample. A resistive 
heater dissipating 400 pwatts in the center o f  the sample was the source. Agreement for 
sensors along a given radius is better than in the varnish method found in Fig. 5-1.
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areas o f copper substrate could be seen. A stainless steel mounting screw was soldered to 
the backside o f  the sample. The backside o f the sample was not coated.
The resonant frequency o f  the cavity at 2.01 K ranged from 1544.5 to 1544.8 
MHz, depending on the coupling to the cavity. The maximum E field in the cavity was 
tested at several levels between 1.25 and 8.5 MV/m. The temperature distribution was 
relatively uniform, as can be seen in Fig. 5-8. The results o f  the surface resistance 
calculation are shown in Fig. 5-9. The result was unexpectedly high, having an average 
value o f 216 ± 12 p fl . For comparison, one should note that Nb at 2K and 1525 MHz 
has a BCS surface resistance of 12 nQ. Furthermore, the residual resistance is typically 
better than the BCS resistance at 4.2 K, which is on the order o f 0.5 p f i  for Nb at 1525 
MHz.
There are several possible explanations for this result. The first is that the film 
quality could have been extremely poor. This view is supported by the observation that 
the copper substrate was visible in certain places. The second is the possibility that 
extraneous backside and edge losses dominated the measured loss. From the temperature 
distribution it was determined that -400 pW o f  power was dissipated in the sample. I f  a 
surface resistance of 3 mQ for copper at 2K o f  is assumed, the SUPERFISH simulation 
predicts that the extraneous losses would only be about 5 pW. This simulation seems to 
rule out the possibility that such extraneous losses play a significant role, but there may 
be errors in the simulation. Finally, there is the possibility o f some type o f  electron 
loading such as multipacting. However, the presence o f multipacting can generally be 
recognized in RF measurements, and none was observed in this case.
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FIG. 5-8. Temperature distribution for RF heating o f single side sputtered with Nb sample. 
The maximum electric field in the cavity is 1.25 MV/m.















FIG. 5-9. Surface resistance calculation for sample sputtered on one side with Nb. The 
average is 216 ± 12 |if l .
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3. One-side coated SACLA Ysample
A second sample, which had been sputter-deposited at SACLAY, was tested next. The 
film's surface was shiny, and there was uniform coverage with no visible substrate. A 
stainless steel threaded rod was again bonded to the sample. However, in this case the 
sample had been prepared before the screw installation method was developed. Thus, 
soldering the screw to the sample was not an option because of possible damage to the 
film. As an alternative, Delta Bond epoxy was used, and it resulted in a strong 
mechanical bond.
The high resistance o f the previous sample revealed the need to be able to test 
samples at several frequencies. This required the development o f an in-situ tuner for the 
cavity. This was done using a device that pushed on the endplate of the cavity which was 
opposite to the sample endplate. Since the endplate material was thin, this applied force 
caused it to flex, thereby enabling the gap between the center conductor and the sample to 
be varied. Tests with the tuner showed that the frequency could be varied over a range of 
more than 30 MHz.
The sample was tested at several frequencies ranging from 149S to 1521 MHz. 
The frequencies are lower than for the TJNAF sample due to a small difference in the 
thickness of the samples. To compare the heating at the different frequencies, A T /E ^  
was used as a figure of merit. This figure is proportional to the power loss in the sample 
normalized to the square of the E field in the cavity. The results o f several tests can be 
found in Fig. 5-10. There is a large dependence of the loss on the frequency, with a 
distinct minimum in the loss at about 1507 MHz. At 1521 MHz, the loss is greater than
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FIG. 5-10. RF heating results over a range o f  frequencies for a single side sputtered Nb on 
Cu sample. AT/ is the temperature change normalized to the square o f the field 
level. The heating shows a large frequency dependence indicating losses from the edge, 
back, or screw are significant. The calculated surface resistance at the minimum heating is 
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10 times the loss at the minimum. If the losses are due solely to the surface resistance o f 
the topside o f the sample, the surface resistance o f  the sample at 1507 MHz would be 
-6 .5  |xQ. Overall, this sample gives a much lower resistance than the first sample.
Since the loss varies with the frequency, it appears that the extraneous losses (on the 
edge, bottom, or screw) are significant. According to the SUPERFISH simulations, the 
majority o f  the extraneous losses come from the backside o f  the sample. This is 
reasonable since this region has a larger area than the edge or screw region. This 
suggests that coating the backside o f the sample with Nb should reduce the extraneous 
loss and its dependence on frequency.
4. Two-side coated TJN AF sample
A second sample was prepared at the TJNAF deposition lab. In this case, both 
sides were coated with Nb to a thickness of 0.5 microns under the same sputtering 
conditions. Again, a stainless steel threaded rod was attached to the backside o f the 
sample after the sputtering was completed by use o f Delta Bond epoxy.
RF heating tests were performed over a range of frequencies from 1517 to 1542 
MHz. Results from several days of testing can be found in Fig. 5-11, where AT/E ^  vs. 
frequency has been plotted. Interestingly, there was still a strong dependence o f the 
power loss on frequency. There appears to be a minimum near 1521 MHz. The behavior 
below 1518 MHz was not measured since the tuner mechanism started slipping at this 
point, and it could not be tuned further. The equivalent surface resistances would be in 
the range from 250 to 1200 p H . The large equivalent resistances along with the strong 
frequency dependence o f the heating, even though the backside o f the sample was a
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FIG. 5-11. RF heating results for a sample sputter coated on both sides with Nb as a 
function of frequency. The screw is stainless steel and is bonded with epoxy. The apparent 
surface resistance at the minimum heating is about 250 n£l.
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niobium film, indicate that the extraneous losses may not have come from the backside. 
This leaves three possible causes for the extraneous losses: 1) the edge, 2) the screw or 
epoxy, and 3) poor film quality.
5. Bulk Nb sample
To eliminate the film quality issue, a bulk niobium sample was prepared. A 1.5" 
sample was punched from a niobium sheet which was 1/16" thick. This piece was then 
sanded down to a thickness o f 0.05” to remove gross imperfections in the surface and 
then etched in a buffered chemical polish (BCP) o f nitric, phosphorous, and hydrofluoric 
acids to a thickness o f0.036". A stainless steel threaded rod was bonded to the sample 
with Delta Bond epoxy. The results o f the RF heating tests can be found in Fig. 5-12.
The sample was tested over a  range o f frequencies from 1505 to 1545 MHz. In this case 
there was only a small, if  any, heating dependence on the frequency. However, the 
power loss corresponds to an equivalent surface resistance o f  110-120 p f l . This is still 
unreasonably high for a Nb surface. One possible explanation may be heating o f the 
sample due to a large thermal impedance between the sample and endplate. For a BCS 
resistance of 100 pO , the sample would have to be at a temperature o f nearly 9 K. This 
seems unlikely.
To examine sample heating, He exchange gas was introduced into the cavity to 
enhance the cooling of the sample. Measurements indicated that the heating was reduced 
by about 10%. This test was inconclusive as to whether the sample was heated 
sufficiently to initiate temperature-induced high BCS surface resistance.
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FIG. 5-12. RF heating results for a bulk niobium sample with a stainless steel screw 
bonded with epoxy as a function o f  frequency. The corresponding surface resistance is 
110-120 p H . In this case, little dependence on the frequency was found.
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A second test was devised to measure the temperature rise o f  the sample for a 
given amount o f  applied power. A 50 Q , 1/8W, metal film resistor was epoxied to the 
screw of the sample on the sensor chamber side. Four thermometers were then installed 
on the top surface o f the sample using GE varnish. These four thermometers took the 
place of the outer four sensors in the sensor chamber. The first three rings in the sensor 
chamber were kept in place and monitored as well. Fig. 5-13 shows the results o f heating 
at several power levels. These power levels are greater than the RF heating power for the 
bulk niobium sample. As is indicated, the greatest change in the sample's temperature is 
-0.2K. This rise is not enough to explain the high surface resistance as a temperature 
dependent BCS effect.
6. Nb screw test
With the thermal contact eliminated as the reason for the high surface resistance, 
the next likely cause was the stainless steel screw or the epoxy. To test the influence of 
the screw, a niobium screw was fabricated to replace the original one. For the first test, 
the screw was epoxied to the sample.
The sample was tested at 1539 and 1550 MHz. As is shown in Fig. 5-14, there 
was little difference in the RF heating at these two frequencies. The corresponding 
surface resistance was approximately 60-70p H . This gave some improvement for the 
surface resistance as compared to the sample with a stainless screw, but it was still not in 
a range which is reasonable for niobium.
Another explanation for the enhanced loss may be heating losses in the epoxy. To 
eliminate this factor, a threaded Nb screw was electron-beam welded to a Nb sample.





































FIG. 5-13. Temperature rise o f sample with heating due to a resistive heater at various 
power levels. These levels are greater than the dissipated RF power in the previous 
figures. The measured temperature rise is not enough to explain the higher than expected 
measured surface resistances as a temperature dependent BCS effect. Inset shows relative 
position o f thermometers on sample.
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FIG. 5-14. RF heating results for a bulk niobium sample with an epoxied Nb screw. The 
corresponding surface resistance is 60-70 indicating that the anomalous losses are still 
not under control.
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After welding, the sample was sanded flat to a thickness o f .040" and then etched in a 
buffered chemical polish (BCP) o f nitric, phosphorous, and hydrofluoric acids to a 
thickness o f .032". The subsequent RF tests revealed an even greater surface resistance 
o f  ~ 300 pH  at 1521 MHz and -340 p£2 at 1542 MHz. These results were evidently 
puzzling and showed that there was still some loss factor that was not under control.
D. Thin niobium disk
Given the inconclusive results from the previous experiments, a baseline test was 
performed with the original cavity with and without a sample installed. The results 
without the sample indicated a baseline resistance for the endplate o f 5.3 ±0.5 pfL  
Liang's tests6 found a resistance o f 2.4 for the same conditions (an unshielded 
dewar).
Since it was difficult to obtain a uniform thermal contact for a thick copper 
sample bonded with GE varnish, a thin niobium sample (.010") was chosen for the next 
test. This disk was cut from sheet stock; a thickness o f -.001" was removed by etching in 
BCP. The sample was glued to the endplate using GE varnish. The flexibility o f  the 
sample allowed good contact to be made with the varnish in this case. The results from 
several RF heating tests can be found in Fig. 5-15. In this case a strong dependence on 
the frequency was observed. At a frequency o f 1457.47 MHz, the losses were 
minimized. A comparison was made o f the heating distributions at various frequencies 
and is shown in Fig. 5-16. One advantage o f this particular sample installation was that it 
allowed the localized heating o f the sample to be studied since the entire sample was in 
contact with the endplate. At a frequency o f  1503 MHz, S10 read higher than S9. S10
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FIG. 5-15. Results for the RF heating of a thin (.010") bulk Nb sample which was bonded 
to the endplate with GE varnish. A strong dependence on the frequency was observed.
The surface resistance at minimum heating was 8.7 ±1.9 p f l . The cavity was also tested in 
a magnetically shielded dewar. The resistance still had a large frequency dependence but 
yielded lower surface resistance values.
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FIG. 5-16. (a) Temperature distributions for several frequencies for a thin bulk Nb sample 
which was bonded to the endplate with GE varnish, (b) Temperature distribution at the 
frequencies for which the smallest heating was observed in Figure 5-15. Note that S9 is 
greater than S10 at these levels but S10 is greater than S9 at the other frequencies. This 
indicates a localized loss at the edge.
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was located near the edge of the sample, and the fact that the AT reading was higher than 
S9 indicated a localized loss at the edge o f  the sample. Near the frequencies where the 
total loss was a  minimum, the temperature change at S10 was no longer greater than that 
at S9. This supports the view that a localized region o f field dependent losses is 
responsible for the frequency dependence o f  the losses because the location o f  the 
magnetic field minimum changes with the frequency.
At the minimum, the surface resistance was calculated to be 8.7 ±1.9 n f l . After
this test, the magnetically shielded dewar became available and the sample was tested in
 ^ 2
this environment at several frequencies. The results are given in Fig. 5-15. The AT/E 
values were less than for the unshielded case. At the minimum, the resistance was found 
to be 5.7 ± 0.9 p f l . The higher losses in the unshielded case were most likely due to 
trapped flux from the ambient magnetic field.
The field dependence of the surface resistance between 2.5 and 6.3 MV/m was 
tested for the unshielded case, and the results can be found in Fig. 5-17. There was no 
observed dependence o f  the surface resistance on field level in this range.
The temperature dependence o f  the surface resistance was also measured between 
2.05 and 2.47 K. These results can be found in Fig. 5-18. The field level during these 
tests was between 3.4 and 3.5 MV/m. No temperature dependence was observed. A 
BCS-like temperature dependence would have increased the surface resistance by about a 
factor o f 3.5.
A second niobium sample was also prepared. This sample was fabricated at the 
machine shop to determine if a different fabrication technique would effect the edge loss.
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FIG. 5-17. Surface resistance of thin Nb sample as a function o f maximum electric field 
an unshielded dewar. Cavity frequency is 1457 MHz.
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FIG. 5-18. Surface resistance o f  thin Nb sample as a function of temperature in an 
unshielded dewar. Cavity frequency is 1457 MHz. A BCS-like temperature dependence 
would have shown an increase by a factor o f 3.5.
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Once received, it was etched in BCP from an initial thickness o f 0.011" to a thickness o f
0.008".
The losses for this sample also had a strong dependence on frequency, as can be 
seen in Fig. 5-19. In this case, however, a minimum in the loss was not attained in the 
range o f frequencies tested. Lower frequencies were not tested because the limit o f  the 
tuning mechanism was reached. The equivalent surface resistance for the losses 
measured at the lowest frequency was 3.9 ± 1.5 f i l l .
The heating distribution over the endplate can be found in Fig. 5-20. The 
distribution is given at two frequencies - one at 1430.15 MHz and the other at 1424.84 
MHz. As was similar for the previous sample, localized heating at the sample edge was 
found (at sensor 2). Also, the magnitude o f this local heating relative to sensor 1 
decreased at the lower frequency. In both samples we have found that the edge loss 
decreased with decreasing frequency. Given the magnetic field distribution shown in Fig. 
4-5, the simulations indicate that with decreasing frequency, the zero-point in the field 
moves toward a smaller radius. An explanation for the edge loss may be that it is caused 
by a localized region o f enhanced surface resistance that is dependent on the magnetic 
field. At the higher frequencies, the field zero may be outside the edge. As the frequency 
is decreased the zero moves inward, and the field at the edge is decreased. At some point 
it reaches zero and then starts to increase again. This could explain the observed 
frequency dependence o f the losses.
The exact mechanism o f the loss is unknown. In the second sample it was 
observed that in the region where the enhanced losses originated, GE varnish could be 
seen. The edge o f  the sample in this region had no special features. Evidently, even
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FIG. 5-19. RF heating results o f a second thin Nb disk fabricated in the machine shop. A 
strong dependence on frequency was found. A distinct minimum was not found due to the 
limits in the tuning o f the cavity. At 1425 MHz, the corresponding surface resistance is
3 .9 ± 1 .5 p fi.
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FIG. 5-20. Temperature distribution for the second Nb disk. Once again, a localized loss 
at the sample's edge is found. At 1425 MHz, the loss at the edge (S2) appears less relative 
to S1 than at 1430 MHz.
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though the fields near the edge o f  the sample were designed to be minimized, this was not 
sufficient to obtain negligible losses at the edge o f a niobium sample.
Several problems will need to be solved before samples can be successfully tested 
with this cavity. A number o f areas need to be studied. One is losses in the GE varnish. 
An experiment in which GE varnish is painted around the edge o f a previously measured 
sample would determine the effect that the varnish at the edge has on the losses. Second, 
techniques for edge preparation could be studied. From the heating distributions o f the 
thin niobium samples, it is seen that only one region showed enhanced loss. It appears 
that the remainder of the edge did not exhibit the enhanced loss. Can the edge be sanded 
or polished to eliminate the loss? Another way to study the edge losses would be to try to 
use samples of different diameters. This would vary the relative field at the edge o f the 
sample. With a large diameter sample, will the frequency response be flat due to the 
nearly constant field in the outer region of the endplate? Even with the loss minimized in 
a niobium sample, the question o f whether the loss can be eliminated for a niobium 
coated copper sample still remains. Given the amount of work that needs to be done to 
enable a small sample to be tested, an alternative solution was developed. This is 
discussed in the following section.
E. Full endplate replacement
1. Stainless steel plate with niobiumfihn
Instead of installing a sample on the endplate, it is possible to use the entire 
endplate itself as the sample by depositing a film of the sample material on a substrate. 
One problem with this approach is that one cannot use a copper endplate as a substrate
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due to its high thermal conductivity. For a niobium film with a surface resistance o f  
1 p f l  on a copper substrate with a  thermal conductivity63 o f 200 W/mK, the AT for the 
innermost sensors would be only on the order o f 150 pK for Etn»x= 10 MV/m in the 
cavity. For good films, the AT would be even less.
To overcome this problem, one could use a different substrate with a lower 
thermal conductivity that is coated with only a thin coat o f copper. The thin coat o f 
copper would not enhance the thermal conductivity too much, and good resolution could 
still be obtained. In this way, the deposition o f  niobium onto copper could still be 
studied. A disadvantage o f this method would be the larger size o f  the sample. Instead 
o f a 1.5" diameter sample, the diameter would then be 4.414". This should not be a 
serious problem for the deposition process. The main advantage is that the edge losses 
would no longer be a problem.
To test this idea, a replaceable endplate and flange were designed for the triaxial 
cavity. Number 304 stainless steel was chosen as the substrate due to its low thermal 
conductivity. During the experiment, a small 50 Q  metal film resistor was glued to the 
center o f the backside of the endplate (on the thermometer side). This allowed a 
convenient way to measure the thermal conductivity o f the endplate.
The stainless steel endplate was prepared through electropolishing in a 90% 
phosphoric + 10% sulfuric acid solution at a temperature of ~ 70° C. The resulting 
surface was smooth and bright, except for some small areas o f pitting. A niobium film 
was deposited by magnetron sputtering in an argon atmosphere. The cathode voltage was 
364 V, and the current was 0.99 A. The argon pressure during deposition was 2.91 x 10”3 
torr. The deposition rate was 1.9 A/s, and the final thickness was 1 micron. The film
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showed good coverage except for some regions near the edge that had poor adhesion.
This was not important however, since this area was not exposed to the RF field in the
cavity.
The thermal conductivity o f  the endplate was measured at 2.09 K to be 
k = 0.125 ± .005 W /m K . This is significantly less than for the previous Nb endplates. 
This increased the measurement sensitivity by a factor o f 40.
The film was tested at three separate frequencies to confirm that earlier 
dependencies on frequency were not the result o f some systematic RF measurement error. 
The frequencies used were 1497, 1478, and 1529 MHz. The upper and lower frequencies 
were determined by the limits in the tuner mechanism. A range o f  fields was also tested, 
typically between 3 and 6 MV/m. The upper fields were limited by the available power 
(~ 200 mW at the cavity).
The first test was performed at 1497 MHz. The results can be found in Fig. 5-21. 
Initial measurements at low fields, shown as Series 2, gave a surface resistance o f  2-3 
p H . Subsequently, while trying to reach a higher field, the cavity started to multipact. 
The multipacting was identified by the oscilloscope trace o f the reflected power and by 
the anomalously large heating. At times, the center o f the plate reached temperatures in 
excess o f 5 K. Strangely, large heating was also observed with no characteristic 
multipacting signal. One explanation may be that a section o f the endplate became a 
normal conductor. Following this, an attempt was made to observe the time development 
o f the heating. However, at this time the heating was much smaller than previously 
found, and it was steady. A calorimetric measurement found that the corresponding
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FIG. 5-21. Surface resistance as a function o f maximum electric field in the cavity for the 
Nb coated stainless steel endplate at 3 different frequencies: (a) 1497 MHz (b) 1529 MHz 
(c) 1478 MHz
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surface resistance was about 3 p f l .
Next the field level was increased, but a problem developed with the data 
acquisition system that required several hours to repair. Upon returning to the 
measurement, the surface resistance was found to have increased. Measurements were 
taken at several field levels and are shown as Series 1 o f Fig. 5-21. There was no sign of 
multipacting. Generally, as the field was increased the apparent surface resistance 
decreased. The lowest recorded surface resistance was 4.5 p f i . The general decreasing 
trend was not strictly dependent on the field but appeared to be more a function o f time.
In addition, it was observed at one point that the coupling to the cavity increased without 
changing the coupling position and that this event correlated with a decrease in the 
surface resistance.
The heating distribution was examined to determine if a "hot spot" could be 
found. Fig. 5-22 shows a comparison between the heating at 1.08 MV/m, where the 
measured resistance was 3.0pH , with that at 1.27 MV/m, where the resistance was 
8 .5pH . The values at 1.08 MV/m have been normalized so that the AT of Sensor 1 is 
the same as the AT for Sensor 1 at 1.27 MV/m. There is no visible region o f  excess 
heating. This indicates that the enhanced losses must have been located near the center of 
the endplate.
Following the tests at 1497 MHz, several points were tested at 1529 MHz. The 
surface resistance results are shown in Fig. 5-21. The resistances are generally consistent 
with the resistances measured at the end of the 1497 MHz measurements and show no 
dependence on the field level. Several days after the 1529 MHz tests, tests were
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FIG. 5-22. Comparison o f temperature distribution at 1.08 MV/m, where the surface 
resistance was 3.0 p fl and 1.27 MV/m where the resistance was 8.5 The values at 
1.08 MV/m have been normalized to the Sensor 1 heating at 1.27 MV/m. No localized 
heating region is apparent.
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performed at 1478 MHz. The results are also found in Fig. 5-21. The average surface 
resistance is 3.7 p f i  and is lower than the previously measured surface resistances.
There may be a slight dependence o f the resistance on the field level, showing an increase 
in the resistance with increasing field level.
Following the tests at 1478 MHz, the 1497 MHz tests were run again. These 
results can be found as Series 3 in Fig. 5-21. The measured resistance appears to have a 
definite dependence on the field level. At 5.93 MV/m, the resistance was consistent with 
values measured at 1478 MHz. At 2.72 MV/m, the measured resistance was 2.9 p fl. In 
general, the surface resistance o f the endplate did not have a dependence on the 
frequency, indicating that the frequency dependence o f the previous measurements with 
samples was correct. The measured surface resistance was higher than expected and was 
still greater than the BCS resistance at 4.2 K, which is less than 1 . Considering that
the tests were done at 2.1 K, the resistance should have been significantly less than this. 
Some possibilities are that the film's quality was bad, thereby causing a high residual 
resistance, or that there was poor thermal contact between the film and the substrate.
2. B u lk niobium  endplate
To eliminate the question o f the film quality, a bulk Nb endplate was fabricated 
for testing. Reactor grade niobium was used. The surface was prepared by removing 
gross imperfections like scratches by sanding the surface with 60p paper. The sample 
was then chemically polished using BCP. Approximately 100 microns were removed 
from the surface.
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The thermal conductivity was determined in the same manner as for the stainless 
steel endplate. In the measurement, there was some anomalous heating o f a few sensors, 
which most likely was due to heating from the heater lead wires or infra-red (IR) 
radiation. This error was not believed to be serious. The thermal conductivity was 
measured and was found to be 3.3 ±0.5 W m'lK_1. This is consistent with the previously 
measured values o f the thermal conductivity of the niobium endplates.
The cavity with the Nb endplate had a frequency lower than for the tests with 
stainless steel endplates. This was due to the difference in the thicknesses o f the two 
plates. This caused slightly different compression of the indium seals and changed the 
gap between the endplate and the center conductor. The cavity was tuned to the greatest 
achievable frequency, which was 1443 MHz.
The results o f the RF heating tests can be found in Fig. 5-23. Two initial points at 
2.29 and 3.19 MV/m gave resistances of 1.2-1.4 pH . Surprisingly, the next point at 4.88 
MV/m gave a resistance o f  2.6 p H . A comparison o f the heating distributions at 3.19 
and 4.88 MV/m showed no significant differences. Following this, experiments were 
performed over a field range of 3 to 6 MV/m. The resistances in this case were constant 
and the resistance value was 2.0 ± 0.2 pH.
Once again, the resistances were high compared to the expected values. Since the 
question o f film quality should not have been an issue in this case, the evidence supports 
some type o f anomalous heating.
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FIG. S-23. Surface resistance as a function of maximum E field at 1442 MHz for a bulk: 
Nb endplate.




In this work the triaxial cavity has been studied to determine its suitability for 
measuring the surface resistance o f small superconducting samples in general and o f  
niobium sputter-coated copper samples in particular. Successful measurement o f the 
surface resistance o f  small samples could significantly impact the future o f 
superconducting accelerator development by leading to (1) significant cost reductions in 
manufacturing superconducting cavities and (2) possible performance improvements 
through the use o f thin film manufacturing technologies.
The triaxial cavity was initially developed for the measurement o f high Tc 
superconducting samples whose residual resistance is presently not as good as for 
niobium. Liang's best sample had a surface resistance o f 35.2 pH . However, according 
to Liang's estimate, the senstivity limit o f the measurement technique should be about 
0.02 nQ. Theoretically then, niobium films and samples should be easily measured with 
this device.
In this work, significant progress has been made in understanding the application 
o f this technique to the measurement o f niobium samples. Three barriers to using the 
technique for measuring niobium samples were discovered in the course o f this study.
The first was the difficulty in mounting the sample to the cavity so that it would have 
mechanical stability and uniform thermal contact. The second was the discovery o f  
regions o f  enhanced loss near the sample's edge. These losses at the edge can dominate 
the losses over the entire sample and make it impossible to measure the losses due only to
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the surface resistance. Finally, it was found that the measurement for a blank niobium 
endplate in place o f a  sample gave surface resistance values that were higher than 
expected, so that technique did not solve the problem either.
These discoveries are important for the study o f small superconducting samples 
because they give information about the present limitations for this measurement 
technique. Further work on these areas may allow the triaxial cavity technique to be used 
for the measurement o f niobium based samples. Or if  this goal is unachievable, the 
knowledge acquired in this work will be useful for the design o f  future test instruments.
In the following paragraphs the results o f this work will be discussed in further detail 
along with a consideration o f  possible errors and explanations for the observed results.
After discovering that the original triaxial cavity method o f  mechanically and 
thermally bonding a sample to the endplate with Apiezon grease would not work for Cu 
samples, a new method for installing small samples in the triaxial cavity was designed 
and tested. The method used a small screw bonded to the back o f  the sample that was 
installed in a threaded hole in the endplate. This method offered a convenient way to 
install samples. The method also gave uniform thermal contact with the endplate using 
Apiezon grease as a thermal contact agent. Surface resistance measurements were 
performed with the new installation method, and the results were higher than expected.
In addition, it was found that most tests revealed a strong dependence o f the apparent 
surface resistance on the frequency. Systematic experiments were performed to discover 
the source of the enhanced losses. The effect of the sample's backside resistance, the 
bonding agent between the screw and the sample, the thermal contact between the sample
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and the endplate, and the material o f which the screw was made were explored. None of 
these were able to explain the enhanced losses.
The surface resistance dependence on frequency led to the hypothesis that edge 
effects were a major cause o f  the loss in the sample. One weakness o f the screw 
installation method was the loss o f information about the distribution o f losses on the 
sample. To explore the edge losses, a thin Nb disk was mounted in the original 
configuration using GE varnish as the thermal/mechanical-bonding agent. Tests on two 
separate samples revealed that there were enhanced losses on each sample at the sample's 
edge. By tuning the frequency, a minimum in the losses could be found. At the 
minimum, it was also found that the relative loss at the edge decreased. However, even 
at the minimum, the measured surface resistance was much higher than expected.
One possible cause o f  the high resistance measured with the samples was an 
enhanced global edge loss. To investigate this possibility, a method was designed so that 
the entire endplate could be replaced and effectively used as the sample. This eliminated 
any edge effects. Two samples were tested: one was a Nb film coated stainless steel disk 
and the second a bulk Nb plate. In both cases, the measured resistance was greater than 
expected. The inability to achieve the expected surface resistance is a serious problem. 
The best surface resistance measured was 2pQ . This result is likely an order of 
magnitude too high (compared to a nominally obtained residual resistance o f 100 nQ). 
Several sources of possible errors will be discussed in the following paragraphs.
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An error in the computer simulation could cause a systematic error in the surface 
resistance by over or under estimating the fields inside the cavity. To perform a check on 
the simulation, the calculated geometry factor was compared to the measured geometry 
factor. Using the room temperature results from Liang's thesis, one finds for a Q o f 1600 
and a (calculated) geometry factor o f 44.7S Q , the normal state surface resistance is 27.9 
mQ. The theoretical value o f  the resistance using a conductivity o f  8 x 106 Q~'m_l at 
1551 MHz is 26.6 mQ. These values agree within 5%. A second check was performed at 
20 K. At this temperature an unloaded Q of 8500 was measured. For a calculated 
geometry factor o f 42.2 Q  (at 1442 MHz), the surface resistance is 5.0 m Q. This was 
compared to an experimental result64 at 7.9 GHz of 17 m Q. Using the anomalous limit 
frequency dependence o f f 2/3, this corresponds to a resistance o f 5.4 m Q. These results 
are within 8%. Thus the computer simulation is supported by experimental 
measurements and is probably not the cause o f the higher than expected surface 
resistance.
A second source o f  error is the RF power measurement. The measurement o f E is 
determined by the measured power loss and the unloaded Q. Error in the power loss 
measurement is due to cable calibration errors and is estimated to be at worst 10%. The 
loaded Q is determined from a measurement of the decay constant from the scope trace. 
This error is estimated to be on the order of 5%. Finally the unloaded Q is determined 
from the loaded Q by multiplying by 1 + 0. The measurement o f  1+3 is relatively 
insensitive to measurement errors. For example, at a P o f  0.5 a 50% error in p only 
results in a 14 % error in 1 + p. Thus the worst case error in E2 is estimated to be 30 %.
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This error is not enough to explain the observed discrepancy. We also made 
measurements that support the validity o f the field measurements. Measurements were 
made of the surface resistance o f  a copper disk that was attached to the endplate with GE 
varnish. While the temperature distribution was not uniform, it was possible estimate the 
surface resistance. It was found that at a frequency o f 1305 MHz at 2K, the copper disk's 
resistance was 0.97 ±  0.2 m fi (error due to the scatter in measured temperatures). The 
theoretical value at this frequency in the anomalous limit is 1.32 m Q .65 These values are 
in reasonable agreement, considering the additional errors due to the field measurement.
A common cause o f extra loss in superconducting cavities is electron loading.
This was mentioned earlier and includes field emission and multipacting. Multipacting 
was often seen when the cavity underwent initial RF tests after a new sample was 
installed. Typically, however, this was processed away after several hours of RF 
conditioning. Multipacting usually gives a visible signal on the reflected RF power 
signal and is characterized by an inability to raise the RF field in the cavity. Since we 
were able to measure the enhanced surface resistance over several field levels, it is not 
likely that multipacting was the cause. In addition, the regions o f two point multipacting 
between the center conductor and the endplate were mapped out on a plot o f peak electric 
field versus fd (frequency x gap) based on a parallel plate model.66'67 The results can be 
found in Fig. 6-1. Near 1.5 GHz, the maximum field in which multipacting can exist is 
less than 1 MV/m. This can be understood simply: when the fields get too high, the 
impacting energy o f  the electrons is high enough so that the secondary electron emission 
coefficient drops below 1. Since multipacting should not be possible above 1 MV/m, it is 
unlikely to be the cause o f the enhanced losses.



















FIG. 6-1. Multipacting regions for two point multipacting in a parallel plate gap. The 
gap is 0.8 mm. The range of primary electron energies for which the secondary 
electron emission coefficients is greater than 1 is ISO to 1050 eV. The model assumes 
the ratio between the primary and emitted electron velocity is a constant. In (a) the 
ratio is 7 and in (b) the ratio is 3. These span typical values found in the literature.
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Field emission typically occurs above field levels o f  5 MV/m. Most o f  our tests 
were performed at levels below this. One would also expect that the losses would be 
strongly dependent on the field level if  field emission were the cause. We did not 
observe this. However, it is interesting to examine the results that Liang6 found over a 
range o f fields from 5.02 to 30.77 MV/m. At 5.02 MV/m, Liang found an average 
surface resistance o f 0.63 nQ  from the calorimetric measurement. This was noted to be 
higher than the result from the Q measurement o f 0.4 . This was explained by a
"lossy" spot on the endplate. At a  field of 10.57 MV/m, the loss increased by nearly a 
factor of 2 to a value o f 1.18 |iQ  and stayed relatively constant at fields o f 14.44 and 
21.56 MV/m. At 28.4 MV/m the resistance increased to 1.4 tifl and at 30.77 MV/m to 
2.6 p f l . The thermometry gave evidence o f either field emission or a localized field 
dependent anomalous loss. This pattern of losses is puzzling. Are the losses above 5 
MV/m due to an emission site in which the measured losses do not depend on the field 
level? What type o f "lossy" spot could cause an increase in observed losses with 
increasing field and then become field independent?
A final explanation for the observed losses is that the endplate actually has some 
anomalous losses dependent on the surface conditions. Losses in a dielectric layer at the 
surface can cause additional losses. Indeed, the electric field on the sample is within 75% 
of the cavity's maximum field as can be seen by Fig. 6-2. The power losses in a dielectric 
layer of mean thickness dg can be expressed by68



















4520 35 40 5015 25 305 100
Radius (mm)
FIG. 6-2. Electric field level on endplate o f triaxial cavity for a 0.9 mm gap. Relative to 
these units, the maximum field level in the cavity is 1000.
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where e" is the imaginary part o f the dielectric constant ,er is the real part and E L is the 
electric field at the cavity surface. These losses can be expressed as an equivalent surface 
resistance by using E = Be to find6*
= 0)H0d E~ -  = f ( G H z ) d ( n m ) - ^ - 4 - 1 0 - , ,a  (6.2)
A typical Nb surface is coated by an amorphous layer o f  NbjOj-y with a thickness o f  3-5 
am. From Eq. (6.2), using a loss tangent o f less than I O'6, the equivalent resistance 
should be less than 10*10 Q .
Condensed gases can also cause additional losses. Condensed air has been shown 
to have significant magnetic dielectric losses.69 An equation similar to (6.2) can be found 
for the equivalent surface resistance with er replaced by pr and the loss tangent now due 
to the magnetic losses. This magnetic loss tangent for air69 has been measured to be as 
high as 6 x 10-3. In high Q cavities, losses have been observable for gas layer 
thicknesses above 10 nm that were the result of vacuum accidents.69 With these 
representative values, the equivalent resistance would still be less than 0.4 p fl according 
to Eq. (6.2). Given the above estimates for dielectric losses, this mechanism is not able to 
explain the losses that we have observed in the triaxial cavity.
Contamination by particulate matter on the surface o f a cavity is believed to be 
responsible for some observed Q degradations. During tests on the KARLSRUHE- 
CERN separator, light emission was observed at localized spots on the cavity surface at 
surface electric fields o f 4 MV/m.70 The triaxial cavity may be susceptible to these types 
o f  losses. The region on the endplate which contributes to most o f  the measured
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magnetic field loss is also exposed to relatively high electric fields. The fact that 
different endplates such as the sputtered steel plate and the replaced niobium plate gave 
unusually high but different results suggests that there indeed may be some "lossy" spot 
on the endplate which is not due to the surface itself or some measurement error.
In the assembly procedure, the endplate is exposed to clean room air while the 
thermometry is installed on the endplate and left to dry. A  better cleaning and assembly 
procedure may need to be developed in order for surface resistance studies to continue.
On the other hand, this may be a limiting feature of the device. To study further if there 
is a contamination problem, several tests o f the surface resistance should be performed 
while disassembling and cleaning the cavity between each run.
One improvement to the present cavity that would be useful would be to decrease 
the losses in the coupling mechanism. The high losses in the coupling do not allow an 
accurate measurement o f the unloaded Q except at a very weakly coupled position. It is 
conceivable that the probes could be made from a superconductor such as niobium or be 
coated with a superconductor. With this improvement, the losses in the cavity could be 
better determined from the Q measurement and compared to the calorimetric one.
It would also be interesting to determine the distribution of the enhanced losses. 
Are they localized or are they uniformly distributed? One way in which this could be 
studied better than in the present set-up is to use superfluid thermometry orthemomtery 
in a sub-cooled helium bath on the backside o f the endplate while it is exposed to the 
helium bath. This would allow localized areas o f heating to be observed, since the heat 
flow would be to the backside of the endplate and not out to the edge.
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At its present states the triaxial cavity is limited by edge effects in the sample and 
by some type o f anomalous loss that may be contamination related. Further studies and 
solutions o f these two problems may allow the device to be used for the measurement o f 
very low surface resistance samples.
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